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PREFACE 


The Aerospace Mechanisms Symposium (AMS) provides a unique forum for 
those active in the design, production and use of aerospace mechanisms. A 
major focus is the reporting of problems and solutions associated with the 
development and flight certification of new mechanisms. The National 
Aeronautics and Space Administration and Lockheed Martin Missiles & Space 
(LMMS) share the responsibility for organizing the AMS. Now in its 33rd year, the 
AMS continues to be well attended, attracting participants from both the U S. and 
abroad. 

The 33rd AMS, hosted by the Jet Propulsion Laboratory (JPL) in Pasadena, 
California, was held May 19, 20 and 21, 1999. During these three days, 36 
papers were presented. Topics included deployment mechanisms, bearings, 
actuators, pointing and optical mechanisms, Shuttle mechanisms, release 
mechanisms, and test equipment. Hardware displays during the vendor fair gave 
attendees an opportunity to meet with developers of current and future 
mechanism components. 

The high quality of this symposium is a result of the work of many people, and 
their efforts are gratefully acknowledged. This extends to the voluntary members 
of the symposium organizing committee representing the eight NASA field 
centers, LMMS, and the European Space Agency. Appreciation is also extended 
to the session chairs, the authors, and particularly the personnel at JPL 
responsible for the symposium arrangements and the publication of these 
proceedings. A sincere thank you also goes to the symposium executive 
committee at LMMS who is responsible for the year-to-year management of the 
AMS, including paper processing and preparation of the program. 

The use of trade names of manufacturers in this publication does not constitute 
an official endorsement of such products or manufacturers, either expressed or 
implied, by the National Aeronautics and Space Administration. 
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The XMM Deployment Mechanisms: 
Mirror Doors & Telescope Sun Shield 

T. Nitschko', M. Falkner and J.-V. Zemann* 
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Abstract 

This paper presents the development of the deployment & hold-down mechanisms of 
the Telescope Sun Shield (TSS) and the Mirror & Optical Monitor Doors (MOD) for the 
X-ray Multi Mirror (XMM) satellite. The XMM mission of the European Space Agency 
(ESA) is dedicated to the study of the X-ray portion of the electromagnetic spectrum. 
The scope of the paper includes the presentation of design and performance as well 
as a discussion of the test results and lessons learned from this demanding 
development. 


Introduction & Background 

The Telescope Sun Shield is part of the XMM Service Module and is mounted to its 
lower platform (Figure 1). The TSS provides sun shadow and stray light protection for 
the Mirror Assemblies, the Optical Monitor, the Star Trackers and the spacecraft 
launcher interface ring. Due to the limited space within the launch vehicle payload 
cover, it consists of two independent large structural parts, which are linked via two 
Deployment Mechanisms (DEM) and stowed with two Hold-Down and Release 
Mechanisms (HRM). 

The Mirror and Optical Monitor Doors close the apertures of the 3 Mirror Assemblies 
and the Optical Monitor Door (4 independent doors, see Figure 1). The MOD doors 
provide gas-tight protection of the apertures against any pollution during integration, 
testing, transportation and launch of the XMM spacecraft. Each door structure is linked 
to its baffle via one Deployment Mechanism, and is stowed via one Hold-Down and 
Release Mechanism. 

In addition to the TSS and MOD mechanisms, the paraffin-actuated Venting and 
Outgassing Door (VOD), mounted to the XMM Telescope Tube, also has already been 
successfully delivered in early 1998 to the customer DSS (Friedrichshafen, Germany). 
The satellite launch is planned for early 2000. Austrian Aerospace (AAE) was founded 
in 1997 as a merger of the two former companies ORS (Osterreichische Raumfahrt- 
und Systemtechnik GmbH) and SAE (Schrack Aerospace GmbH), and is the largest 
aerospace company in Austria. AAE has been and is involved in nearly all European 
space projects and has made significant contributions in the area of on-board 
mechanics (mechanisms and structures), electronics (digital signal processing) and 
mechanical & electrical ground support equipment. 


Austrian Aerospace Ges.m.b.H., Vienna, Austria 
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Figure 1. MOD'S (stowed, 3 large MAD and one small OMD) and TSS 
(deployed) mounted to the XMM Service Module (photo: ESA) 

Requirements & Design Drivers 

The major design driving issues for the mechanisms have been: 

Deployment Mechanism (DEM): 

• Use of a redundant bearing concept (radial & axial) to avoid single point failures 

• Use of self-lubricating journal bearings 

• Use of spring actuators for deployment and end-stop 

Hold-Down and Release Mechanism (HRM): 

• Use of non-explosive separation nuts due to cleanliness restrictions, and to simplify 
testing (first application on ESA spacecraft) 

• Use of an adhesion-free separable interface 
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Further major aspects have been the extremely restricted mass budget (13.6 kg for 4 
MOD doors, 37.3 kg for TSS, including all structures), demanding cleanliness / 
outgassing requirements (<300 ppm particulate and <1E-7 g/cm 2 molecular 
contamination) and high radiation doses (10E+8 rad total dose for external unshielded 
equipment). 

The main design drivers for the structural parts (panels) of TSS and MOD have been 
the gas-tightness requirement for the MOD, realized with annular metallic membranes, 
and the light-tightness requirement for the TSS realized with thin metal sheet profiles 
and specially shaped edges. All structural parts were required to have an optically 
black surface. 

The same deployment mechanism (DEM) and hold-down mechanism (HRM) concept 
were used for both MOD and TSS in order to increase the reliability and to minimize 
development work. Using common mechanisms for the XMM Mirror Doors and the 
XMM Sun Shield resulted in the following advantages: 

• The proposal for the customer was based on this assumption and this decision led 
to the most competitive and therefore selected design. 

• One team was working for both MOD and TSS in the first phases (requirements 
definition and baseline design) to transfer common solutions for deployment and 
hold-down mechanism. Afterwards, the mechanism development tests and 
detailed design solutions were made within the MOD, which unloaded the TSS 
development workload and left the required attention for the dynamically 
demanding sun shield structure. 

• Although the MOD consists of 4 doors (different in size and deployment angle), 
only the worst case application (which was the large mirror assembly door MAD-3 
opening for 189°) has been qualified; the other 3 doors were qualified by similarity 
(only mass and center of mass measured, visually inspected), therefore reducing 
the development duration significantly. However, all flight models have been 
equally tested to (reduced) acceptance levels. The TSS was fully qualified and 
acceptance tested because the large structure was the design driver. 

• There was no mass drawback resulting from common mechanism designs 
because the deployment and hold-down tasks were very similar for both MOD and 
TSS. 

The overall design driver can be defined insofar as utmost attention has been paid to 
establish a highly reliable, simple and cost-effective design concept, to cope with the 
mission critical nature and responsibility of these mechanisms. 

Minimum Fundamental Resonance Frequency: 

TSS: 15 Hz stowed, 0.5 Hz deployed 

MOD: 50 Hz stowed, 0.5 Hz deployed 
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Sinusoidal Vibration Levels: 
TSS: 5 Hz 

19.3 Hz 

MOD: 5 Hz 

50 Hz 


19.3 Hz 
50 Hz 
25 Hz 
100 Hz 


± 10 mm 
15 g 

± 10 mm 


25 g 


Random Vibration Levels 
MOD: 20 Hz 

100 Hz 
400 Hz 


100 Hz + 6 dB/oct 

400 Hz 0.25 g 2 /Hz 

2000 Hz - 6 dB/oct 



MOD Gas Leak Rate: 


TSS Light Tightness: 


<50 l/h for Mirror Doors, <15 l/h for Monitor Door 
transmission factor <10' 6 



During Deployment: 


After Deployment: 


-70°C to +70°C 
-190°C to +150°C 


istic Environment: 


Overall Sound Pressure Level: 


146 dB (ref. 2E-5 N/m 2 ) 


Deployment Mechanism (DEM) Design & Performance 


The main design goals forthe DEM are: 

• low mass 

• high reliability / simplicity 

• integrated design of actuator and hinge 

• provide support for the End Stop 

• avoid Single Point Failures 

The DEM features an integrated design consisting of the following parts (see Figure 2 
for TSS and Figure 3 for MOD): 

• Spring Actuator (redundant) 

• Hinge (redundant) 

• LimitSwitches (redundant) 

• End Stop (redundant) 

After release of the Hold-Down Mechanism (HRM), the actuator moves the structure to 
the final position, which is maintained using the end stop as limit for the movement and 
the actuator springs as latch. The end position is indicated by limit-switches. The use of 
the actuator as latch forthe movable structure is justified due to the following reasons: 
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• The in-orbit accelerations of max. 0.001 g combined wilh the movable structure mass 
are not able to move the structure out of its final position. 

• The in-orbit accelerations of max. 0.001 g exert a force in the hinge, which is approx, 
two orders of magnitude smaller than the friction forces in the hinge due to the 
latching moment of the actuator. A calculation of the in-orbit frequency is therefore 
possible. 



Figure 2: TSS Deployment Mechanism Cross Section 


Hinge 

The DEM hinge consists of redundant journal bearings (manuf. AMPEP, UK), which 
provide enough backlash to compensate for differential thermal expansion of the 
adjacent materials, and to provide the lowest possible torque (peak hinge bearing 
friction torque is 6 N-mm), in order to minimize the latching shock of the movable 
structure. TheTSS DEM features a spherical bearing to account for the angular 
misalignments of the large structure. The sliding friction of the limit switch actuators at 
the end of the movement has been considered in the torque budget. The design avoids 
Single Point Failures due to jamming of one bearing in both radial and axial direction. 

The concept uses the "flying shaft" principle with a hollow 10-mm-diameter steel shaft. 
Both fixed and movable parts are equipped wilh flanged self-lubricating journal 
bearings. The shaft ends feature self-lubricating Polyimide end stops (VESPEL SP-3), 
which provide a defined axial interface to the caps. 
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The bearing’s self-lubricating liner system has been and will be used on several satellite 
missions and fulfills the outgassing requirements (TML=0.55%,RML=0.07%, 
CVCM^0.00%). The PTFE lubricant is not affected by the high radiation dose because it 
is shielded with the aluminum housing of the hinge brackets. 



Figure 3. MOD Deployment Mechanism Cross Section 


Backlash 

The unloaded gap in the bearings is in the range of 0.1 mm to assure a positive play in 
the bearing under worst-case temperature conditions of-190°C. 

Deployment angles 

The following maximum and minimum deployment angles were considered: 


Item 

Minimum 

Deployment Angle 

Maximum 
Deployment Angle 

IIBDH 

136° 

140° 

MAD-3, OMD 

189° 

193° 

TSS-MSS 

23.7° 

24.2° 


Bending of the shaft 

The deflection of the shaft has been analyzed to size the journal bearing diameter, in 
orderto avoid misaligned loads in the bearings. Although AMPEP journal bearings are 

not primarily intended to accept misaligned loads due to bending of the shaft, the 

resilient nature of the woven linersurface permits a misalignment of approximately 0.5° 
provided the length of the bushing does not exceed approx, half the bore diameter. The 
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latter condition is fulfilled by this design (bore diameter 10 mm, length 6 mm); a 
preliminary calculation yielded a worst-case misalignment of 0.1 5 degree. The bearing 
concept of using journal bearings, one spherical bearing (only for TSS) and a flying 
shaft is therefore considered appropriate forthis application. 



Figure 4. MOD-DEM Assembly (the door structure is fixed to the movable bracket) 
Actuator 

FlatSpiral Springs (steel 1 .4310) were chosen as the active elements in the Spring 
Actuator for the following reasons: 

• The Spring Motor torque output is independent of friction effects of the spring and 
thus predictable with high confidence, because physical contact between parts of the 
spring surface is avoided. Furthemnore, cold welding is prevented. 

• The Actuator is designed such thatone of the four identical spring elements can fail 
and Ihe torque margin is still maintained with the remaining intact springs. To 
simplify the design, all spring elements are of equal design. The springs are 
designed such as to keep the radial and the axial forces acting on the clamped 
spring ends as small as possible. 

A crude estimate of the spring size and characteristic can be based on the assumption 
that only bending moments occur in the spring. The spring constant then approximately 
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is c = M/(p with the torque M, the corresponding angular displacement <? and the 
material modulus of elasticity E. The optimum linear spring design for a given operation 
range A(p and minimum torque M mln is obtained for M min /M max = 0.66, with M min and M max 
indicating the torques at begin and end of the spring operation range, respectively. The 
ratio between start and end torque is optimized to minimize the latching shock of the 
movable part. 

End Stop 

The end stop design (Figure 5) uses the same redundancy concept as the actuator (1 of 
4) and features four identical preloaded compression springs in parallel, which are 
designed to take over the kinetic energy (resp.the resulting latching momenVforce) of 
the movable part using the deceleration angle. 


Moveable 
Bracket (stowed) 


Deployment axis 



Moveable Bracket 
(deployed) 


End Stop Spring 
Guide pin 


End Stop 
Housing 


Fixed Bracket 


Figure 5. End Stop Assembly 

Because only a part of the energy will be dissipated in the bearings and the structure, 
the movable part will have several oscillations until it maintains its end position. In the 
normal case, if no spring is broken, there is approximately 25% margin concerning the 
maximum deceleration angle. If one spring would break, there is no more margin to the 
structures. This approach is considered acceptable considering Ihe extremely low 
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likelihood of spring destruction under low internal stresses. However, the breaking of 

one spring does not prevent the others from doing theirwork. 

The following rules are considered for the End Stop 

1. The contact surfaces are perpendicular to the speed vector at the maximum impact 
force at end of travel. The End Stop surface is spherical to count for misalignments. 
A self-lubricating polyimide is used as counterface atthe movable part to minimize 
the friction forces during relative motion between the surfaces at beginning and end 
of travel. 

2. The materials in contact are stainless steel (A286) and polyimide, which do not lead 
to surface adhesion. 

3. The contact is sphere on plane to have a reproducible area of contact. 

DEM Performance Parameters 


Parameter 

TSS 

MOD (MAD-3) 

Latching Force 

246 N 

542 N 

Latching Torque 

363 N-m 

43 N-m 

Deployment Time 

2.5 sec 

2.3 sec 


Hold-Down-and-Release Mechanism Design 

The HRM consists of the following main items (Figures 6 & 7): 

• Separation Nut (non-explosive) 

• Release Bolt 

• Bolt Retraction Spring 

• Conical Interface 

• Kick Springs 

The Separation Nut releases the bolt upon firing of the redundant spools and 
accommodates the bolt in a special housing. Therefore, no part protrudes over the 
separated conical l/F after release. A simple compression spring retracts the bolt upon 
firing. The bolt will not protrude over the conical part after Ihis movement. Spring 
material is passivated stainless steel 1 .4310. The cap of the HRM is dimensioned to act 
as a deformable damper upon collision with the highly accelerated released bolt. 

The conical interface avoids bending moments on the release bolt, which are not 
allowed for this application. Assuming a worst-case friction coefficient between the 
separable parts of 0.6, Ihe half cone angle has to be at least 30° (tan30 » 0.6), the actual 
half cone angle is 37.5°. The projected area of the cone is sized to provide sufficient 
strength margin for the weaker material in contact. The cone is supported on a 
spherical interface on the movable bracket to allow for compensation of angular errors 
during integration. The material selection for the conical l/F is done to avoid both 
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backlash and cold welding of the interfacing parts. Cold welding is avoided between 
the separable conical l/F parts by the following selected material pairing: 

Moving Cone: Aluminum 3.4364T7351 , hard anodized per LN 9368-2200 

l/F Cone: VES PELS P-3 



Figure 6. TSS HRM, bottom view with Separation Nut 


Both interfacing parts are ground for high accuracy and surface quality. The maximum 
bolt load (including pretension and margins) does not exceed 5000 N in order to avoid 
excessive creeping effects of the polyimide. The stress in the Vespel cone is around 
10 MPa at this load, which is considered acceptable for this application (the ultimate 
stress of this material is 58.5 MPa). 

The expected adhesion force between the Separation Nut Support Bracket of the HRM 
and Ihe corresponding bracket in the movable part is assumed to be 1% of the 
maximum friction force tangent to the surfaces,during contact. The Separation Nut Bolt 
preload is derived from loads acting on the movable part in the stowed configuration. 
Redundant kick springs are used to overcome the adhesion force between the 
Separation Nut Support Bracket ofthe HRM and the corresponding bracket in the 
movable part and to initiate movement of this part. The MOD has no dedicated kick 
springs, because the pre-tensioned sealing membrane provides the initial separation 
force. 
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S eparation Nut: 

The selected non-explosive Separation Nut is the model 9421-2 1/4" from the U.S. 

manufacturer G&H Technology, Inc. (Camarillo, CA). This device offers the following 

advantages: 

• It produces no debris or gas leakage due to release. Release will be done via 
heating of a wire (0.1 mm diameter) until its rupture due to tension loads. 

• It is designed to be manually operated by means of dummy spools. The nut 
mechanism can be operated multiple times via simple change of the spool 
assemblies. 

• It uses the same release command as pyrotechnic initiators, the spacecraft pyro lines 
can faerefore be used without modification on system level. 

• Destructive lot acceptance testing is not necessary because all devices are 
functionally tested priorto delivery 

• Virtually Shockless operation (esp. compared to pyros) 



Figure 7. TSS Hold-Down and Release Mechanism cross-section 

(stowed position) 
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The G&H model 9421 is a space-grade, 1 /4-inch fastener (1/4-28 UNF) that quickly 
releases attached hardware when it receives an electrical signal to separate. Nut 
separation is complete, reliable and safe. Bolt release is virtually shock-free and no 
debris, contaminants or pollution are created. The model 9421 uses small redundant 
electro-mechanical devices called Spools to initiate the bolt release. These highly 
reliable spools have been used extensively in space and military applications. When a 
separation signal is received (which is the same as for pyrotechnic initiators), the spools 
unwind in milliseconds and free internal plungers. This releases a compression spring 
that moves a locking sleeve and separates the nut’s threads from the attached bolt. 
Each Separation Nut contains a pair of G&H non-explosive spool assemblies. 

Complete separation will occur if either one, or both, of the redundant spool assemblies 
is actuated. 


Test Results 


TSS Deployment 

To verify the correct function of the mechanisms, a deployment test prior to and after 
each environmental test (vibration and thermal-vacuum) was performed. These tests 
were also used to predict deployment time in orbit. For the TSS, the prediction and 
correlation of deployment test results was accurately analyzed. The following table 
compares the analysis of deployment time for several cases (TSS-STM). 


TSS on Zero-G-Rig 



phi_nom [deg] 

- - - - phi_opt [degj 

— — phi_cat [deg] 

phi_worst [deg] 

^■•“■■Test Result 
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Case\Location 

■•facial 

Orbit 

phi nom: Nominal Analvtic Time: nominal 
Friction, stored energy dissipated (no friction, not 
plotted) 

■ 

1. s 
(2.37 s) 

phi opt: Minimal Analvtic Time: no friction, all 
stored energy transferred in initial velocity 

2.28 s 

1.07 s 

phi cat: Catastrophic case: one sprina broken, all 
safety factors included 

5.09 s 

3.22 s 

phi worst: Worst Analvtic Time: all safety factors 
included 

4.52 s 

2.72 s 

Minimal Test Time (final deployment) 

3.32 s 

— 

Maximal Test Time (final deployment) 

_ 3.64 s 

— 


Analysis shows that the deployment time is rather sensitive to initial conditions. The 
question of what amount of stored energy (pretension of HRM (kicksprings)) will be 
transferred into initial velocity of the deployable structure and what amount will be 
dissipated due to adhesion and local vibration is hard to answer. During test, the 
minimal analytic deployment time was of course not reached, but the tested 
deployment time showed that not all stored energy was dissipated. Due to the 
flexibility of the structure, the endstop forces were lower than expected. 


Lessons Learned 


Design Aspects 
Leaf Spring 

During acoustic noise tests of the TSS STM model on spacecraft level, three of the 
four actuator leaf springs were broken at their fixation points. The reason for that was 
identified as a stress singularity due to a sharp edge of the spring fixation bracket. A 
redesign with a corner radius solved this problem. Care has to be taken in designing 
the inner fixation of the springs with respect to accessibility of the bolts. Furthermore, it 
was discovered that the elastic movements of the leaf springs during vibration tests 
were very large (up to amplitudes of 20 mm) and generated rather high noise in their 
resonance frequencies. Care has to be taken in the design of the adjacent parts to 
avoid debris and damage of the parts. 

Non-Explosive Separation Nuts 

The use of these nuts has proven to be a viable alternative to pyrotechnic systems, 
avoiding expensive lot acceptance tests and simplifying the test sequence. One nut 
can be reloaded several times; it can be “fired” either electrically with the spool or 
manually with a simple mechanical adapter. The spacecraft standard pyro fire 
electronics can handle the non-explosive systems without modification. Care has to 
be taken with the definition of the spool no-fire current of 0.8 A, which violates the 
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spacecraft system hazard requirement of 1.0 A no-fire current, but this has been finally 
considered as a minor problem. 

Correlation of test and analysis results 
Air Resistance 

The air resistance of the MOD has been considered in the mathematical equations of 
the deployment sequence, which has been shown to be an important factor and by far 
not negligible for prediction of time, speed profile, and end shock dynamics. It has 
been verified via comparison of ambient and vacuum tests. The air resistance was 
simulated via additional acceleration of the door with an electric motor during ambient 
tests. 

End Stop Layout 

It is essential to consider the elastic behavior of the structure for analysis of the end 
stop forces and latching torques, in order to get a realistic spring layout. Taking into 
account the elastic behavior leads to a less conservative design with less mass 
avoiding excessive overestimation of end stop forces. 

Assembly and Integration 
Zero-g Compensation 

The compensation of the gravity (and air resistance) effects during testing is 
mandatory for large system deployments. The design of these compensation devices 
requires considerable engineering effort and should be started preferably together 
with the design of the hardware itself in order to account for required interfaces. The 
key parameters (such as speed, acceleration, time) have to be fully characterized for 
the compensated and the Og case to judge if the test is representative. 

Conclusion 

The presented designs for DEM and HRM are considered simple and reliable, 
avoiding complex deployment methods and having a rather low mass. It has been 
proven that the use of one deployment design concept for several spacecraft 
subsystems has big advantages in terms of reliability, development effort and cost, 
which is a future goal in standardization of satellite programs. 
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The Able Deployable Articulated Mast - Enabling Technology for the 

Shuttle Radar Topography Mission ^ 

-^ 2-37 

Dave Gross' and Dave Messner 

Abstract 

An ABLE Deployable Articulated Mast (ADAM) was developed that deploys an 
antenna 60m from the Orbiter to achieve the desired three-dimensional mapping 
resolution required for the Shuttle Radar Topography Mission (SRTM). The ADAM 
deploys to 44 times its stowed length with <1 mm precision and is designed to 
maintain its position within a few millimeters under Orbiter attitude control forces and 
the orbital environment. The thermo-mechanical and structural characteristics of the 
ADAM are described herein. 


Introduction 

The Shuttle Radar Topography Mission is a joint project of the National Imagery and 
Mapping Agency and the National Aeronautics and Space Administration. The 1 1-day 
mission, scheduled for September 1999, will map 80% of the Earth’s land surface in 
three dimensions using modified versions of the Spaceborne Imaging Radar (SIR-C) 
and the X-Band Synthetic Aperture Radar (X-SAR) systems that twice flew on Space 
Shuttle Endeavour in 1994. An ADAM will deploy an outboard antenna 60 m from the 
Orbiter creating a fixed baseline synthetic aperture radar interferometer with the SIR-C 
and X-SAR antennas in the cargo bay. The instrument will produce the most complete 
and accurate topographic data set of the Earth. The SRTM instrument will be the 
longest man-made structure to ever fly in space (Figures 1 and 2). 

In addition to deploying and supporting the antenna while on-orbit, the stowed ADAM 
system supports the 360-kg outboard antenna within the Orbiter cargo bay during 
launch and landing. The mast carries 200 kg of power, telemetry, and thruster utilities 
along its length. Copper wire harnesses, coaxial/fiber optic cable bundles, and a 
pressurized gas line span the 60-m gap between antennas. The gas line provides 
nitrogen to a small thruster at the outboard antenna to react gravity gradient forces. 

The ADAM is a self-preloaded truss structure of repeating bays composed of high 
stiffness composite struts, metallic fittings and precision ball joints. Latches on the 
diagonal members of the truss allow the mechanism to deploy bay-by-bay, folding into 
a compact stack a fraction of its deployed length. The ADAM deploys and retracts 
using a motorized drive system which "screws" the mast in and out of a canister. A 
special reciprocation technique allows the mast to deploy without rotation of either the 
deployed or stowed portion. This makes the ADAM ideal for carrying utilities along its 
length. 


" AEC-Able Engineering, Goleta, CA 
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The ADAM has been developed for precision, stable, lightweight space applications 
where significant deployed length, high strength and stiffness are required. The 
ADAM provides superior thermal and mechanical stability as well as deployment 
repeatability. 



Figure 1. The SRTM ADAM and Mission Configuration 


The Mechanization of Precise, Stable Structures 

The ability of a large, complex structure to deploy and retract was thought to be 
inherently incompatible with its ability to be precise and stable. This is not the case. 
The ADAM is specifically designed to minimize variable stiffness, bilinear stiffness, 
free-play and hysteresis. Exceptional mechanical and thermal dimensional stability is 
achieved through the combination of high stiffness, low coefficient of thermal 
expansion (CTE) mast components under load-path preload. Special attention paid to 
truss geometry, interface geometry, material properties, contact area size, surface 
finishes and lubricants, results in a highly linear mechanized structure in a wide range 
of mechanical and thermal environments. The ADAM’s ability to deploy and retract 
becomes transparent when evaluating its structural performance. 
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Figure 2. The Fully Deployed SRTM ADAM (60 m) 


Stability 

Passive thermal dimensional stability is achieved through a combined approach of low 
CTE materials, low CTE truss design, and insulation. The mast is designed using the 
appropriate mix of materials having low positive and negative CTEs. This results in a 
near-zero CTE along and about the axis of the mast. Multiple layer insulation (MLI), 
applied to the diagonal members of the mast minimizes temperature changes and 
gradients among the diagonals, further maximizing stability. Analysis and testing 
indicate a reduction in mast twist of roughly 20 fold with MLI on the diagonals. 

Mechanical stability is achieved through control of macrodynamic and microdynamic 
response. Standard stiffness properties of the mast members are selected to ensure 
that bulk displacements and rotations are within specified tolerances. Complete 
internal preload and joint design features minimize microdynamic effects. The 
inevitable input of energy to the system tends to settle it into an increasingly stable 
state. 

Microdynamics 

The joints and latches of the ADAM are specifically designed to minimize the effects of 
low-amplitude, non-linear effects. At operational excitation levels, the structure does 
not exhibit coulombic friction at its joint interfaces. This is achieved through the use of 
large, stiff, preloaded contact areas of conforming spherical geometry with a precision 


17 



finish and oil lubrication. The shear-to-normal force ratio is minimized. Bulk slippage 
is eliminated and microslip is minimized driving the joint loss factor to zero. The result 
is a structure in which free-play is non-existent, hysteresis is very low at low excitation 
amplitudes, and structural damping is dominated by linear dissipation mechanisms. 

The SRTM ADAM and the ISS FASTMast 

The similarity of the SRTM ADAM to the mast used to deploy the solar arrays on the 
International Space Station (ISS) ends at the geometry of the cross-section and the 
canister. Table 1 illustrates the contrasts. 


Table 1. SRTM ADAM / ISS Mast Comparison 



SRTM ADAM 

ISS FASTMast 

Function 

Interferometer baseline 

Solar array deploy and 
tension 

Design intent 

Stiffness, precision and 
stability 

Strength and long life 

Joint type 

Ball and socket 

Pin and clevis 

Preload method 

Geometry / detent latch 

Fiberglass flex battens 

Mast Interface Stiffness 

Preloaded to Canister 

Clearance Fit' to Canister 

Lubricants 

liquid 

dry 

Length 

60 meters 

30 meters 

Mast:Canister Length Ratio 

20.5:1 

14:1 

Utilities carried 

200 kg 

None 

Structural materials 

Graphite epoxy rods and 
titanium wire rope 

Aluminum bars and 
stainless steel wire rope 

Specific bending stiffness 
(El/Mass per unit length)* 

3.5 

1 

Specific torsional stiffness 
(GJ/Mass per unit length)* 

1.2 

1 


* Normalized relative to FASTMast 


The SRTM ADAM Structure 

Mast diameter, along with the material properties and cross-sectional areas of the 
longeron and diagonal members are optimized to meet mission structural 
requirements such as natural frequency, bending strength and thermal twist stability. 
The SRTM ADAM structural efficiency surpasses that of other ABLE articulated masts. 
Table 2 provides basic SRTM ADAM geometry. 
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Table 2. SRTM ADAM Geometry 


Mast Diameter 

1.12 m 

(44.123 in) 

Bay Width 

79.25 cm 

(31.200 in) 

Bay Length 

69.75 cm 

(27.462 in) 

Number of Bays 

87 

Deploy/Retract Rate 

5.5 cm/s 

Deploy Power 

250W Continuous, 1 kW Peak 

Mast Stroke 

60.0 m 

(2363 in) 

Stack Height per Bay 

1 .59 cm 

(0.625 in) 

Canister Diameter (max) 

1.36 m 

(53.5 in) 

Canister Length 

2.92 m 

(115 in) 

Mast Mass 

275 kg 

(605 Ibm) 

Utilities Mass 

200 kg 

(440 Ibm) 

Canister Mass 

600 kg 

(1325 Ibm) 


The Deployable Truss - Longerons. Battens and Diagonals 
The SRTM ADAM is a deployable truss composed of longerons, battens and 
diagonals (See Figure 3). The diagonals are in tension; the longerons and battens 
are under compression in reaction to diagonal tension. The result is complete internal 
preload of all joints, coincident with external load paths. Nominal diagonal preload is 
2220 N (500 lb). The preload is selected to ensure that the joints at the root of the 
mast maintain sufficient preload under the highest bending moment experienced 
during mapping. 
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The Beam Approximation 

A convenient method for describing the structural characteristics of a long slender 
truss is to use an equivalent beam model. The SRTM ADAM can be described in 
terms of bending, shear and torsional stiffness through an understanding of the 
function of its truss members. Bending stiffness, or El, is a function of mast width, s, 
cross sectional area of one longeron, A, and effective longeron modulus of elasticity, 

E,; 

El = s 2 E,A 

Shear stiffness, or GA, is a function of diagonal angle, <J>, and the effective stiffness of 
the wire rope, EA d ; 

GA = 4 EA d sin<(> cos 2 (|) = 2GA face 

Torsional stiffness, or GJ, is a function of mast width, s, and shear stiffness of a single 
face of the mast, GA face ; 

GJ = s 2 GA face 

Materials 

The primary structural materials of the mast are pultruded carbon/epoxy rods and 
titanium wire rope. The fiber type and fiber fill ratio were chosen to provide the best 
balance of stiffness and dimensional stability. Invar was evaluated for use as the 
diagonal material, but was found to have inadequate strength. 

The SRTM ADAM Mechanism 

The SRTM ADAM uses ball joints and an extensible diagonal to allow the structure to 
be folded down. The forces required to deploy and retract the mast are applied to the 
mast through rollers at each joint that interface with the canister systems. Adjacent 
batten frames twist approximately 37 degrees to deploy a bay. When adjacent batten 
frames are held parallel and concentric, the “3D 4-bar” kinematics are determinate. 

The canister maintains this determinacy and provides the force to produce motion in 
the axial direction that twists the bay and latches it into place, or unlatches it if 
retracting. 

Kinematics and Stacking Efficiency 

The SRTM ADAM was specifically designed to have a very high stacking efficiency. 
This was necessary in order to fit 60 meters of s t owed mast t ransverse in the Orbiter 
cargo bay, adjacent to the antenna core structure. The design of a deployable 
structure to meet the 60 meter requirement was ABLE’s first step towards enabling the 
mission. 

A slight modification to traditional truss geometry allowed the longerons and battens to 
stack side-by-side, rather than on top of one another. This resulted in a stack height of 
15.875 mm per bay, driven by the longeron and batten diameter (Figure 4). The 
deployed length of each bay is 698 mm; the stack length is only 2.3% of the deployed 
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Figure 4. The SRTM ADAM Stowed 


length. In other words, the SRTM ADAM deploys to 44 times its stowed length. When 
the additional length of the canister is included, the mast deploys to 21.5 times the 
length of the stowed system. 

The SRTM ADAM was also designed to carry utilities without the need for slip rings. 
This was achieved by alternating the rotational direction that each adjacent bay 
deploys or retracts. The mast stack and the deployed portion outside the canister do 
not rotate. In transition from stowed to deployed, the lower portion of each bay rotates 
in alternating directions from one bay to the next. This rotation is achieved through the 
use of a CNC machined track inside the canister that resembles a wishbone. The 
track geometry is generated from a spherical/cylindrical interface that defines the basic 
kinematics of ADAM deployment in its constrained, determinate state. 

Joints and Latches 

The SRTM ADAM joint is a precision spherical rod end, or ball joint. The 14.3 mm 
(9/16 in) 440C ball bears on a hardened stainless steel spherical seat. The interface 
is lubricated with 81 5Z oil. The pultruded composite rod and the stainless steel ball 
are screwed together and bonded with structural epoxy as a thread locking compound. 
Joint preload between the ball and the seat is nominally 2970 N (668 lb) (Figure 5). 
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Figure 5. The SRTM ADAM Corner Joint 

Each face of the mast has three titanium wire rope diagonal members; two that are 
fixed and one that slides as the mast deploys or retracts. The latch is actually a detent 
mechanism that holds on to a ball fixed to the sliding diagonal (Figure 6). Leaf springs 
provide the force that locates the swaged ball at the conical interface within the latch. 
The latch also houses the pulley that directs the sliding diagonal. The holding force of 
320 N (72 lb) is four times the maximum unlatching force experienced on orbit. 

The Deployment Canister 

The canister provides the systems to deploy and retract the mast as well as structurally 
support and restrain the mast and outboard antenna for launch and landing. 

The ADAM is deployed and retracted by a motor driven nut within the canister. This 
nut pulls the ADAM from its stowed configuration, through its transitional and latching 
phases, into its deployed configuration. This nut deployment system consists of a 
quadruple lead nut with a large ring gear, driven by redundant drive motor / gearbox 
assemblies. The gearboxes can also be manually operated. 

The canister also provides systems to advance the stack in a controlled manner, and 
interface with all of the utilities. The powered actuators in the SRTM ADAM system are 
limited to High Output Paraffin (HOP) actuators that release the launch ties, and the 
120 V brushless motors that deploy and retract the mast. All other mechanisms in the 
system are passive (Figure 7). 
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Figure 6. The SRTM ADAM Diagonal Latch 



Figure 7. An ADAM Deployment Canister 



Launch Restraint 

The launch ties are a hook and bar arrangement, as can be seen in Figure 8. The 
system has three launch ties located at approximately 120° increments around the tip 
plate. The arms that bracket the bar are rotated out of the way by a HOP actuator. 
Once the launch ties are clear, the mast is free to deploy. After the mast has cleared 
the launch ties, HOP power is turned off and the arms return to the closed position. 
When the tip plate returns at the end of retraction, the HOP is not actuated. The hooks 
use a ramp to push the arms over until the bar is clear to snap back to its closed 
position. This passive “door latch” approach is a valuable safety feature of the system. 
The launch ties can also be manually opened and locked by an astronaut in the event 
that an EVA of this type becomes necessary to the mission. 



Figure 8. The SRTM ADAM Launch Tie 

Interface Stiffness 

Another function of the ADAM system that is critical to the mission is the ability of the 
mast to lock to the canister at full deployment in order to eliminate all free-play 
between the mast and canister. This interface stiffness is critical to the stability of the 
system. 

To perform this task a mechanism was designed and implemented. The so-called root 
stiffness mechanisms are loc ated at each corner of the base of the mast. As can be 
seen in Figure 9, the elevating nut uses the last rollers on the mast to activate a 4-bar 
linkage that pinches the canister. The foot of the mechanism is kicked-out after the 
body of the mechanism hard stops against the canister. The mast-to-canister interface 
load path contains no mechanisms. The resulting preload to resist root moments in the 
mast is roughly 5000 N (1125 lb) per corner. All loads below the preload produce 
highly linear response of the interface. 


24 



Figure 9. The SRTM ADAM Root Stiffness Mechanism 
The SRTM ADAM Performance 

The SRTM ADAM completed protoflight acceptance testing in September 1998, and 
was delivered to JPL for system integration. A variety of functional, thermal, structural 
and electrical tests were conducted. The system was found to perform as expected. 

Deployment Precision 

The deployment precision of the mast tip with respect to the canister was measured on 
many occasions under a variety of thermal conditions. Measured deployment 
precision is presented in Table 3. All measurements taken over the 4-month test 
program are included in the capability. Sequential repeatability is also indicated 
where notable. 


Table 3. SRTM ADAM Deployment Precision (Repeatability) 


Degree of Freedom 

Requirement 

Capability 

Length 

± 2.54 cm 

<±1.3 mm (-60°C to +66°C) 

Tip Translation 

± 2.54 cm 

< ±1 .3 cm (±0.3 mm, sequential) 

Tip Twist 

±1.0° 

< ± 0.13° (±0.02°, sequential) 

Tip Rotation 

±1.0° 

« ± 0.005° (est.) 
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Measurements of static and dynamic hysteresis were also made. Static hysteresis 
was measured during the stiffness and strength tests at 1.2 times the on-orbit limit load 
by slowly removing the proof load that had been applied. Dynamic hysteresis 
measurements, presented in Table 4, were made during frequency testing by 
displacing or rotating the tip and allowing it to oscillate to a stop, similar to an on-orbit 
attitude control or orbital maintenance disturbance. 


Table 4. SRTM ADAM Dynamic Hysteresis 


Degree of Freedom 

Measurement 

Length 

« ± 0.25 mm (est.) 

Tip Translation 

< ± 0.25 mm 

Tip Twist 

< ± 0.005° 

Tip Rotation 

« ± 0.005° ( est ) 


Deployed Stability 

The deployed stability (temporal, thermal, mechanical) of the SRTM ADAM is not 
measured directly during testing. Verified mast stiffness properties are used to predict 
the attitude deviations of the outboard antenna with respect to the inboard antenna 
during attitude control maneuvers (Table 5). Response to Orbiter attitude control is 
achieved: over an 1 1 day mission; day, night and through the terminator; as part of the 
combined Orbiter/SRTM dynamic body in a high-inclination low-earth orbit. 

Table 5. Response to Orbiter Attitude Control (Vernier) 


Degree of Freedom 

Requirement 

Prediction 

Length 

± 3 mm 

± 2 |im 

Tip Translation 

± 250 mm 

± 10 mm 

Tip Twist 

± 0.02° 

±0.014° 

Tip Rotation 

± 0.02° 

± 0.004° 


Strength and Stiffness 

The SRTM ADAM must survive periodic orbital maintenance burns of the primary 
reaction control system. Structural testing was performed to verify the stiffness and 
strength of the mast in order to assess its ability to satisfy the natural frequency, 
stability, and safety requirements of the mission. Structural performance matched 
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predictions to an exceptional level of accuracy. On-orbit frequencies are calculated 
based on stiffness and frequency test data correlated to mathematical models of the 
SRTM / Orbiter system. Table 6 and Figure 10 present strength and stiffness data. 


Table 6. SRTM ADAM Strength and Stiffness 


Moment Strength, M cr 

8140 N m 

(72E3 in Ibf) 

Shear Strength, V cr 

400 N 

(90 Ibf) 

Torsional Strength, T cr 

305 N m 

(2700 in-lbf) 

El (Bending) 

1.6E7 N m 2 

(5.5E9 Ibf- in 2 ) 

GA (Shear) 

4.9E5 N 

(1.1 E5 Ibf) 

GJ (Torsion) 

1.7E5 N m 2 

(5.8E7lbf-in 2 ) 

First Bending Mode (On-Orbit) 

0.10 Hz 

First Torsion Mode (On-Orbit) 

0.21 

Hz 











Parametric Stability 

The stability of the SRTM ADAM has been normalized and presented as a function of 
mechanical and thermal inputs. The basis for each value follows Table 7, 


Table 7. Parametric SRTM ADAM Stability 


Degree of Freedom 

Mechanical 

Thermal 

Length 

± 0.6 pm / N 

± 13 pm /°C 

Tip Translation (2) 

± 5 mm / N 

± 240 pm / °C 

Tip Twist in Torsion 

± 82 arcsec / Nm 

± 5 arcmin / °C 

Tip Rotation in Bending (2) 

± 25 arcsec / N 

± 3 arcsec / °C 


Length (Mechanical): based on static axial force. 

Length (Thermal): based on a mast that experiences a uniform temperature 
change. 

Tip Translation (Mechanical): based on static tip shear applied to a cantilevered 
mast (bending + shear). 

Tip Translation (Thermal): based on a temperature change of one diagonal in 
the same location in each bay. 

Tip Twist in Torsion (Mechanical): based on static torsion moment applied to a 
cantilevered mast. 

Tip Twist in Torsion (Thermal): based on a temperature change of one diagonal 
in the same location in each bay. 

Tip Rotation in Bending (Mechanical): based on static tip shear applied to a 
cantilevered mast. 

Tip Rotation in Bending (Thermal): based on a temperature change of one 
longeron in the same location in each bay. 

Challenges Met 

The subsystem is protoflight hardware produced without the benefit of a 
comprehensive development and qualification program. A variety of obstacles were 
successfully overcome throughout the course of the program. 

Utilities Management 

The development of a management system to effectively stow the utilities within the 
limited space of the canister was a significant challenge. In the end, a trial-and-error 
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approach using a 4-bay development model was successful. Deployed utilities are 
shown in Figure 11. The full complement of SRTM utilities carried along the mast is as 
follows: 


. 27 ea, TPJ, 18AWG Wires 

• 1 4 ea, TPSJ, 20 AWG Wires 

• 21 ea, TPSJ, 26 AWG Wires 

• 9 ea, TTSJ, 26 AWG Wires 

• 4 ea, MLI bundled coaxial cable pairs 

• 2 ea, Single mode fiber optic cables 

• 1 ea, 3/8” Armored, MLI wrapped gas line 



Figure 11, The Deployed SRTM ADAM with Full Complement of Utilities 
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Thermal Twist 

The most challenging structural requirement was to minimize twist of the mast due to 
intermittent shading of diagonals. The successful approach was to use a combination 
of minimum input and minimum response. Insulation is used to minimize the 
temperature changes in the diagonals. Low CTE materials are used to minimize the 
dimensional response to temperature changes. The SRTM experience has provided a 
comprehensive approach to thermal design and analysis of a long, slender truss. The 
prediction for worst-case thermal twist throughout the mission is ± 0.02° (72 arcsec). 

Threading Uniaxial Composites 

Direct attachment of the stainless steel ball to the carbon/epoxy longeron rod 
facilitated the thermal stability design. A robust design and machining method was 
developed to form standard screw threads on the ends of the uniaxial, pultruded rods. 
The resulting B-value tensile strength of the attachment is 3840 N (860 lb). 

Ground Handling 

Overcoming the effects of gravity on the structure and mechanisms was an ongoing 
challenge. Methods to support the mast during deployment and structural testing were 
found to be influenced by, among other things, the solar load on the roof of the 
building. For reference, the Earth’s curvature over the 60-m mast length is 
approximately 2 seconds of arc, or 70 pm. 

Conclusions 

The SRTM ADAM is a precise, stable deployable structure specifically designed to 
minimize variable stiffness, bilinear stiffness, free-play and hysteresis. Mechanical 
stability is achieved through complete internal preload of the structure applied to large 
conformal contact areas. Thermal stability is achieved through a combined approach 
of low CTE materials, low CTE truss design, and insulation. 

Many design features of the ADAM were developed to enable the Shuttle Radar 
Topography Mission, providing affordable high-resolution space-based interferometry. 
Years of design, analysis, testing and development have provided mechanical and 
thermal stability once thought unattainable for this type of structure. The ability to 
achieve structural performance milestones in a passive manner eliminates the need 
for entire layers of active shape or signal correction, greatly reducing mission costs. 
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Deployment Control Mechanisms for Inflatable Space Structures 

David P. Cadogan* and Mark S. Grahne’ "O' ~ ^ ^ 


Abstract 

Increases in the number of satellites to be launched over the next several decades will 
emphasize the need for the reduction of space hardware mass, stowage volume, and 
cost. One approach to realizing these reductions is through the use of inflatable, 
deployable, space structures. Inflatable structures offer many benefits over 
conventional deployable structures because they are lower in mass and can be 
packaged into small volumes, which reduce launch vehicle size and cost. The 
performance benefit margin of inflatable structures increases as the size of the structure 
increases, thus making the technology more attractive for large-scale systems. 
Examples of satellite components that benefit from the utilization of inflatable structures 
includes solar arrays, communications antennas, radar antennas, thermal/light shields, 
solar sails, etc. 

ILC Dover has developed several technologies to facilitate the use of inflatable 
structures in the manufacture of deployable satellite components. One such technology 
is the mechanism used to control the deployment of the structure from its packed state 
to its deployed state. The mechanism used can take several forms depending on the 
application. These mechanisms control the rate of deployment of the structure, 
directionality of deployment, and the structural rigidity of the structure during 
deployment. 

This paper discusses several of the controlled deployment mechanisms available for 
use with inflatable space structures. The state of development of these mechanisms 
and examples of their application will also be discussed. 

Introduction 

Inflatable space structures have been used in space since the late 1950’s when the first 
balloon satellites were flown. Balloon satellites, such as the 30-meter diameter ECHO 
series (Figure 1), were deployed from a 0.67-m diameter packing container using 
inflation gas. The deployment event of the balloon satellites was uncontrolled and 
depended only on the packing method used. Over 32 launches of inflatable spheres 
occurred during the period from 1958 to 1971 with some remaining in orbit for over 1 1 
years. Several of the early balloon satellites failed during the inflation event. Some of 
these failures were attributed to lack of control of the inflation process. Modifications 
were made to the packing and inflation procedure, which lead to success with 
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subsequent flights. This was the first experience with design modification to ensure 
deployment success. Balloon satellites, by nature of their geometry (sphere), facilitated 
this type of a solution to obtain a controlled deployment. Future developments where 
inflatable beams, toroids, and other geometric shapes were used required more 
complex solutions. 



Figure 1. 30 meter ECHO Balloon Satellite 

In 1996, NASA and the Jet Propulsion Laboratory (JPL) flew the Inflatable Antenna 
Experiment (IAE) on STS-77. This experiment was conceived to verify the accuracy of 
an inflatable off-axis parabolic lenticular antenna structure deployed in space. The 
system, pictured in Figure 2, consisted of a 14-m lenticular, supported around its 
perimeter by an inflatable torus. This assembly was attached to the parent spacecraft, 
in this case a Spartan free-flier, by three 28-m inflatable struts. 



Figure 2. Inflatable Antenna Experiment 

Several valuable lessons were learned during the deployment of this large inflatable 
structure. The IAE was packed with the struts z-folded and packaged next to the folded 
lenticular structure and a kick-plate. Once the outer doors were opened and verified in 
place, a command was sent to the kick-plate that was to exert an impulse force on the 
packed structure. It was envisioned that this impulse force would extend the structure 
to approximately 90% of its length, thus facilitating a linear inflation path. However, a 
phenomenon was noted at this point that caused the packed inflatable structure to 
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extend out of the container and away from the kick-plate. This phenomenon was 
attributed to residual gas within the structure that caused it to slightly inflate and begin 
the unfolding of the assembly. Another cause of this phenomenon was the residual 
stress in the membranes at each of the packaging folds. This stress caused the z-folds 
to open slightly, in the same manner as a spring, and move the package away from the 
kick plate. Therefore, once the kick-plate was fired the packed inflatable was no longer 
resting against it, no effect was noted. The deployment of the IAE from initial release to 
inflation can be seen in Figure 3. 



Initial Release Inflation Initiation Inflation 


Figure 3. Inflatable Antenna Experiment Deployment Sequence 

The loss of the impulse force input and subsequent extension of the structure led to an 
uncontrolled deployment. During the deployment, the Spartan spacecraft was pitched 
in various directions but returned to near its original orientation when the inflation was 
complete. This deployment demonstrated that significant impulse forces could be 
imparted to the spacecraft and that the inflatable could violate set zones of exclusion 
around the spacecraft if the deployment was not controlled. 

ILC Dover has been developing several mechanisms for deployment control of large 
inflatable structures to address the anomalies noted in the IAE for future applications 
such as solar arrays, sunshields, and antenna systems. The basis for these 
developments is a firm understanding of the system requirements and the behavior of 
inflatable structures gathered from over 50 years experience with similar structures. To 
date, several controlled deployment mechanisms have been designed, manufactured 
and tested in the laboratory environment with great success. Chamber testing on 
several mechanisms will occur in 1999 followed by deployments during space in Space 
Shuttle flight experiments planned for late 2000. 

It is important to note that the inflatable structures discussed in this paper are 
manufactured with in-situ rigidizable materials. In other words, the materials are 
packaged in a flexible state, deployed to shape with inflation gas and then made rigid 
through some outside influence such as heat or UV energy. Once rigidization is 
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complete the structure is vented and structural integrity is maintained by the composite 
shell structure. 


System Requirements 

As stated previously, the deployment control mechanism must not only control the rate 
of deployment but must also control the directionality. This is of particular importance 
with inflatable structures because without strict control their path during inflation can be 
random and chaotic. Use of these mechanisms dictates the path of deployment and 
ensures that zones of exclusion around the spacecraft, perhaps areas populated by 
solar arrays or instruments, are not violated. The rate and smoothness of deployment is 
important to control in order to limit impulse forces and moments imparted to the parent 
craft or the device being deployed such as a solar array. Control of the rate is important 
because changes in the rate during deployment will alter the internal pressure and thus 
the system rigidity during deployment. Large changes in rate of an unmanaged system 
will yield large volume changes that also effect the system’s internal pressure. 

Another important requirement of the controlled deployment device is that it maintains a 
uniform internal pressure in the structure during deployment. The device will also 
dictate the value of the pressure by design. This is important because the rigidity of an 
inflatable structure comes from the tensile stress in its walls and is proportional to the 
internal pressure. By maintaining a pressurized column of gas from the parent craft, or 
origin of the inflation, to the point of deployment control, the inflatable structure will 
maintain rigidity during deployment. 

Deployment Control Devices 

Several devices exist to control the deployment of inflatable structures. They are 
principally in two forms: 1) Devices that control the deployment of tubes, and 2) Devices 
that control membrane structures. Several of these devices and their application are 
discussed below. 

Compartmentalization 

ILC Dover has developed several structures that control the deployment of the structure 
by staging the inflation of various cavities within the structure. This can be 
accomplished through the use of burst disks, pressure relief valves, or controlled 
orifices. These options are sometimes augmented with external features such as break 
ties or becket loops to provide additional control. Each approach has a slightly different 
performance effect and impact on logistics of the system. For instance, burst disks will 
require the ability to replace them after each test. Pressure relief valves will yield a 
series of compartments with slightly lower pressure in each compartment from the origin 
to the termination. Orifices do not provide a true step function in the inflation event and 
may allow one cavity to pressurize ahead of schedule. 
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Use of this approach is limited when considered alone but may be used in conjunction 
with another device to improve overall deployment function. This is again due to the 
nature of the rigidity in inflatable structures during deployment where wall stress must 
be maintained and relatively constant. A cross section of a typical compartment staged 
inflation system can be seen in Figure 4. Deployment control of an inflatable system by 
staging the inflation in various chambers was demonstrated by ILC Dover on the 
Evolved Expendable Launch Vehicle (EELV) Recovery Spray Shield (RSS). The RSS 
was designed to ride almost into orbit with the propulsion & avionics (P/A) module of the 
EELV, and inflate once the P/A module was separated and fell back to earth and the 
parachute was deployed. The inflated RSS created a wall that protected the engine 
from salt-water exposure during impact and recovery in the ocean where it was to be 
recovered for refurbishment. The RSS consisted of a series of stacked inflatable toroids 
that were inflated one by one to deploy the system to its final shape. The deployment 
sequence can be seen in figure 5. During the deployment of the RSS, inflation gas 
enters the bottom toroid and steps upward from toroid to toroid growing from the base. 
Infusion of the gas is accomplished through a series of staggered passage holes that 
force the toroids to fill one at a time. Each of the toroids is also connected to the one 
below with intermittently spaced break tabs that break at a prescribed load. The break 
tabs keep the assembly together during deployment so it does not flail in the air stream 
during decent on the parachute. 



Figure 4. Internal Compartmentalization Figure 5. EELV RSS Deployment 


Columnation Device 

The columnation device is a mechanism that allows an inflatable tube to grow linearly, 
as a column, from a fixed ba se. A cross sec tion of the device can be seen in Figure 6. 
The columnation de vice c on sistsof a mandrel with an aspect ratio >1 (length to 
diameter), an inflatable tube, and a mounting base. The aspect ratio is greater than one 
to ensure the tube can not deploy off the mandrel at an angle. The inflatable tube is 
drawn over the mandrel and stored behind it prior to deployment. Gas is introduced 
through the center of the mandrel into the tube to begin deployment. The build-up of 
pressure in the tube develops a plug-load on the tube wall and thus a longitudinal stress 
in the tube wall that pulls the tube from its stowed volume. The mandrel has 
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circumferencial seals that provide friction to the tube and retard its deployment. The 
seals prevent premature inflation of the stowed tube and determine the longitudinal 
stress, and therefore the rigidity during deployment, of the structure. 



Figure 6. Columnation Device 


Figure 7. NASA Crew Rescue Device 


Another application that utilized the columnation device was the solar array 
demonstration model developed for Boeing on the Teledesic program by ILC Dover. 
This 3.6 m x 10 m array demonstrator was developed as a proof of concept to verify the 
packing and deployment requirements could be met. The challenge of the design was 
to meet the packing volume constraints of a 3.6 m x 0.2 m x 0.3 m available volume for 
the entire array and deployment system. This and other design requirements drove the 
design to a three-column design where the central column acted as the deployment 
device and the side columns were the rigidizable structural supports. Since the packing 
volume was limited in height, a columnation device was developed that utilized an 
inflatable mandrel and was collapsible (Figure 8). Inflation of the mandrel deployed the 
columnation device and then introduction of the gas into the tube deployed the array. 



Figure 8. Inflatable Columnation 
Device 


Figure 9. 3.6 m x 10 m Teledesic 
Demonstration Model 
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The demonstration unit functioned well over multiple deployments. Deployment tests 
were conducted at ILC with the array suspended from a sliding track to provide a 
simulated zero-g deployment. The deployment of the array was linear and well 
controlled from initiation to full extension. 

Roll-up Devices 

One method of deployment control that has seen wide application in tubes and struts is 
the roll-up. This approach utilizes a rolled inflatable tube with an embedded mechanism 
to control its rate of unrolling when inflation gas is introduced. This is akin to a common 
party favor that unfurls when you blow into it. There are two classes of deployment 
control used in roll-up devices: 1 ) mechanisms embedded in the tube itself, and 2) 
mechanisms mounted at the end of the tube. 

Examples of mechanisms embedded in the tube itself include constant force springs, 
Velcro, and break tabs. Each of these approaches mechanically keep the roll in the 
packed state until inflation pressure overcomes the mechanism and initiates 
deployment. These approaches also incorporate components along the entire length of 
the tube and must therefore be integrated into the structural portion and thermal blanket 
(if required) of the tube. 

Velcro Roll-up Devices - Velcro strips added to the exterior of the tube can be used 
effectively to control deployment of an inflatable tube as well as assist in maintenance of 
the package shape during launch vibration. This is accomplished by adding four 
independent strips of Velcro to the tube’s exterior, two strips of hook at 10 and 2 o’clock 
positions, and two strips at the 8 and 4 o'clock positions, and then flattening and rolling 
the tube about the 9 to 3 o’clock axis. Figure 10 shows an example of the Velcro 
deployment mechanism on the Next Generation Space Telescope (NGST) sunshade 
demonstration model (discussed later). Figure 10 shows the deployment of a tube with 
the Velcro deployment mechanism, and sunshield membrane support hardware, from 
two different angles without the accompanying sunshield layers (shown in the center 
drawing of the same device). When inflation gas is introduced into the tube the tube 



Figure 10. Velcro Roll-up Device with Membrane Tensioning Frame 

(shown on the NGST sunshade model) 
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expands causing the Velcro hook on the top side of the tube to be peeled from the 
Velcro pile on the bottom side of the tube, allowing the tube to unroll. By selecting 
various grades and widths of Velcro, resistance to unrolling can be predicted and 
controlled, thus yielding the internal pressure required to provide the specified interim 
beam stiffness. 

One example of this approach would be the inflatable beams of the NASA Next 
Generation Space Telescope’s deployable sunshield (Figure 1 1). The NGST is being 
developed for a 2007 launch, however, several enabling support technologies, such as 
the inflatable sunshield, are being designed and tested at this time. A 1 /3-scale 
sunshade is being designed and manufactured by ILC Dover to fly on the Space Shuttle 
in a mid-2000 flight as a flight experiment. This experiment, called the Inflatable 
Sunshield In Space (ISIS), will prove the viability of several inflatable system 
technologies including the controlled deployment mechanisms. At the time of the first 
model design and manufacture (1/2-scale), the Velcro deployment mechanisms were 
planned for use. This approach has been changed to a brake mechanism mounted at 
the end of the tube due to subsequent changes in materials and design. 

Several characteristics of the Velcro deployment mechanism to be considered include 
the potential for particulate shedding from the Velcro, the effect of multiple deployments 
on the Velcro, interface to multi-layered insulation blankets on the tube, and impulse 
forces noted during the deployment from the imperfect peeling of the Velcro. 



Figure 11. NGST 1/2-scale Sunshield Demonstration Model Deployment 

Constant-Force Spring Roll-up Devices - Constant-force springs embedded in the wall 
of the tube can also provide an excellent means of deployment control for an inflatable 
tube. In this approach, the springs are situated in a closed channel on the tube’s 
interior at the 1 0 and 2 o’clock positions. The spring force, dictated by the selection of 
the spring, determines the pressure required to deploy the tube and thus its structural 
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rigidity during deployment. Deployment of this type of device is very smooth and 
predictable. The drawback to this approach is that the springs provide some return 
force once they are deployed and therefore impose additional strength requirements to 
the structure once deployed. This effect can be eliminated by utilizing a thermoplastic 
or shape memory material as the spring, that returns to a straight shape when heated 
as compared to its rolled nominal shape. An example of this method of controlled 
deployment can be seen in the Synthetic Aperture Radar (SAR) structure shown in 
Figure 12. The inflatable SAR is an ultra-lightweight (<1.6 Kg/m 2 ), low packing volume 
SAR developed by ILC Dover and JPL under JPL’s Advanced Technology Radar 
Program. The 3.3 x 10 m array incorporated constant force springs in the inflatable 
support structure to provide deployment control. Both ends of the array are rolled 
toward the center of the structure and mounted to the composite support platform in the 
stowed position. Inflation gas enters the frame at the base of the rolls on each side of 
the structure. Inflation pressure is balanced to cause both sides of the SAR to deploy 
simultaneously. 



Figure 12. Constant Force Spring Roll-up Device in SAR Tensioning Frame 

(Stowed and Deployed) 


Rolling Brake Mechanism 

Another method of controlling the deployment of inflatable tubes is the rolling brake 
mechanism (patent pending - ILC Dover). This device is mounted to the tip of the tube 
assembly and requires no sub-components embedded over the tube’s length. It is a 
lightweight mechanism that can take several configurations to accomplish the same 
goal. One configuration is the wire brake mechanism (Figure 13). The wire brake 
mechanism utilizes a ductile rod that is wound around rotational shafts, and fastened to 
the endcap of the tube. By rotating one shaft relative to another, the rod is rolled from 
the first shaft to the second. This motion expends energy through deformation of the 
rod creating a torque on one shaft relative to the other. A torque reaction arm extends 
from one of the shafts to r eac t the torque produced by the deformation of the wire, thus 
keeping the inflatable tube packaged in a tight roll during deployment. Several factors 
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determine the pressure required to unroll the tube including rod material, diameter, and 
winding path (amount of deformation). 

A rolling brake mechanism similar to the wire brake mechanism was used in the 
deployment of the 30 meter prototype antenna element, developed by ILC Dover for 
Toyon Research Corporation and DARPA. The 30-meter boom was populated with 
antenna elements, packed, deployed, and tested in the US Navy Pt. Mugu bistatic radar 
cross-section chamber (Figure 13). Testing at ILC Dover demonstrated that 
deployment was smooth and had very little impulse force input to the support platform 
during deployment. Testing indicated that the deployment was benign and had no 
effect on the antenna elements that were supported on a center partition within the 
inflatable tube. 




Figure 13. Wire Brake Device 


Figure 14. 30 meter Antenna Boom during 
Antenna Testing 


Conclusions 

Inflatable space structures offer many advantages over conventional systems for use in 
many applications such as solar arrays, communications antennas, radar antennas, 
sunshields, etc. These structures are enabling for missions that require particularly 
large-scale systems that challenge the mass and packing volume constraints of 
conventional launch systems. A critical component of the inflatable structure is its 
mechanism for control of the deployment process. Deployment of several inflatable 
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structures in space to date has demonstrated the need for improvements in deployment 
control. Several methods such as compartmentalizing the structure, columnation, and 
roll-up devices, have been successfully demonstrated in the laboratory environment. 
Several inflatable structures are being developed as experiments to be deployed aboard 
the Space Shuttle in the year 2000. Further refinement of the deployment mechanisms, 
and therefore inflatable structures, will enable designers to develop low cost, mass, and 
packing volume structures for use in future space missions. 
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A Flight Prediction for Performance of the SWAS Solar Array 
Deployment Mechanism 

SV-37 


Gary Sneiderman* and Walter K. Daniel” 


Abstract 

The focus of this paper is a comparison of ground-based solar array deployment tests 
with the on-orbit deployment. The discussion includes a summary of the mechanisms 
involved and the correlation of a dynamics model with ground based test results. Some 
of the unique characteristics of the mechanisms are explained through the analysis of 
force and angle data acquired from the test deployments. The correlated dynamics 
model is then used to predict the performance of the system in its flight application. 

Background 

The Submillimeter Wave Astronomy Satellite (SWAS), one of NASA’s Small Explorer 
missions, is designed to study the chemical composition of interstellar gas clouds that 
are invisible from beneath Earth's atmosphere. Its primary objective is to survey for 
water, molecular oxygen, carbon, and isotopic carbon monoxide emissions in a variety 
of galactic star-forming regions. The 284-kg SWAS spacecraft is a three-axis-stabilized, 
stellar observatory with a pointing accuracy of 38 arcsec and jitter less than 19 arcsec. 
The spacecraft typically points the instrument at 3-5 targets each orbit. 

SWAS was developed in the early 1990’s for a launch in June of 1995. However, due 
to launch vehicle delays, the satellite remained in storage until mid-1998 when it was re- 
tested and successfully launched on December 5, 1998. 

The SWAS power system includes four rigid deployed solar panels and one body- 
mounted panel. The 3.4 m z of solar cells provide 230 W of orbital average power for the 
spacecraft and instrument. The two requirements that were central to the design of the 
solar array were total area ancT natural frequency. The SWAS power consumption 
required rather large deployable solar arrays for a small spacecraft (Figure 1). To 
prevent interaction between the attitude control subsystem and structural vibration of 
the arrays, the solar array natural frequencies had to be above 1 .0 Hz. 


* NASA Goddard Space Flight Center, Greenbelt, MD 
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Figure 1. The Submillimeter Wave Astronomy Satellite 


Array and Mechanism Design 

The primary structure and the component panels of the spacecraft form an octagonal 
hourglass shape. This geometry accommodates a "wagon wheel" locking mechanism 
used to stiffen the array once it is deployed. 

The substrate of the inner and outer panel of each deployed array is made with a 
continuous honeycomb core and aluminum facesheets with a 135 degree included 
angle at its center (Figure 2). When deployed, each solar array extends 1 .5 meter from 
the spacecraft body. The inner panel is cantilevered from the spacecraft structure by 
two non-locking hinges. 
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Figure 2. Deployed Solar Array 


The spring-loaded wagon wheel locking mechanism prevents rotation about the hinge 
line after the array has opened. The outer panel is connected to the inner panel with a 
pair of locking hinges and pulled open by a cable. The upper panel-to-panel hinge is 
shown in Figure 3 with the housing for the spring-tensioned cable where it connects to 
the outer hinge. This lightweight aspect of the design significantly reduced the mass 
moments of inertia of the deployed panels. As the inner hinge opens, the cable wraps 
around a mandril and pulls the outer panel open. The cable and tensioning springs are 
tuned so the outer hinge locks before the inner panel rotates to its final position. 

In the stowed position, the arrays are folded over each other and preloaded against the 
spacecraft body at two points with paraffin-actuated release mechanisms. The release 
of the latch mechanism imparts very little or no momentum to the panels, so they 
essentially remain in the stowed position until actively deployed. Each array is actively 
forced open with a single paraffin actuator through the deployment mechanism (Figure 
4). The paraffin actuator pushes a rod through a barrel cam that converts linear motion 
to the rotational motion used to open the panels. A force sensor located between the 
actuator pin and the cam shaft provides crucial diagnostic information used to assess 
the performance of the mechanism throughout the active deployment. The actuators 
are also equipped with thermistors mounted to the external case to measure 
temperatures throughout the deployment sequence. The SWAS paraffin actuators have 
Positive Temperature Coefficient (PTC) thermistors wired in series with each of the two 
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internal heaters. Because the electrical resistance of these solid state thermistors 
changes sharply once they reach a specific temperature, they can be used to power 
down the actuator after they have completed their function. 



Figure 3. Spring Tensioned Cable around Upper Panel-to-Panel Locking Hinge 



Cam Shaft 



Cam Shaft Arming Pin 

Cam Pin, 

Stowed Position 

~~ Spiral Cam 

Deployed Position 


Figure 4. Schematic of the Deployment Mechanism 
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Operations 


Since the arrays are deployed “in the blind” before the first telemetry pass of the satellite 
over a ground station, it is important to sequence the deployment properly and to 
minimize the total power drain from the battery. Immediately upon spacecraft 
separation from the third stage rocket motor, the four release mechanism actuators are 
powered on. Since there is no means to directly measure the function of the release 
mechanisms, the paraffin actuator case temperature is used to determine when it is 
safe to start deploying the arrays. The logic requires the release actuators to exceed 
78°C before initiating an eighteen-minute hold. This temperature was determined from 
extensive thermal-vacuum testing of the release mechanisms. The time delay adds a 
safety buffer against the possibility of deploying the arrays too soon and risking damage 
to the deployment paraffin actuator. Both the release and deploy commands can be 
initiated by hardware timers as discussed above, by an on-board software timer, or by 
ground command if the others fail. 


Ground Testing 

The solar panels and hinges were designed with sufficient strength and stiffness to be 
deployed in a one-g environment to simplify the ground testing. The paraffin actuator 
can be reused hundreds of times, so numerous deployments were performed 
throughout integration and testing in preparation for the launch. The arrays are always 
opened in clean rooms with the spacecraft carefully balanced against gravity. Because 
the paraffin actuator moves so slowly, the array never builds significant momentum. 
Therefore, the force applied by the paraffin actuator and measured by the force sensor 
was exactly equal to the system friction plus the resisting force of the springs. 

The arrays were deployed at the NASA Goddard Space Flight Center on 28 October 
1998 in the final ground test before shipping to the launch site. One more deployment 
test at the launch site was performed to confirm that everything was flight ready. For 
the ground tests, the load cell and inner hinge potentiometer readings were recorded at 
a high rate (1 Hz sampling) and the tests were videotaped. 

The curves in Figure 5 depict the measurements of the +X array motion, force (thick 
line) and inner hinge angle (thin line). The actuators require approximately four minutes 
to heat from room temperature to the paraffin melting temperature. Once the paraffin 
melts and starts expanding, the force builds until the stiction and resisting spring forces 
are overcome and first motion occurs; note the jump in hinge angle and corresponding 
drop in force. The force then rises steadily to a peak of approximately 267 N (60 lb) as 
the cable reaches the tangency point with its guide on the outer hinge. As the outer 
hinge locks open the force drops to about 89 N (20 lb). With the outer panel locked 
open, the two panels rotate together for the remainder of the deployment. Note the 
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cycling effect of the tensioning spring loading and unloading at this time. At 1 10 degrees 
of rotation, the wagon wheel lock slides into position and the deployment is completed. 


SWAS +X Sol*r Array D«ploym#nt 1008*6 
I AcKnto> Foret S/A hut Hmg* Apart | 



Tiro*, mi** 


Figure 5. Ground Test Data for +X Array 


The -X array displays similar though not identical motion to the +X array (Figure 6). 
There was always some variation in the forces due to the slight difference in tolerance 
build-up, inexact balancing of the spacecraft dolly, and friction effects. Note that the first 
motion occurred at 67 N (15 lb) on the +X array and 178 N (40 lb) on the -X array. This 
difference in the force required for first motion was observed consistently throughout the 
test program. 


SWAS -X Soltr Arr«y D*ploym*nt 1W28f98 
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Figure 6. Ground Test Data for -X Array 


48 


One aspect of the motion that is difficult to see with these plots is the “stuttering” of the 
outer panel relative to the inner panel. As the paraffin actuator drives the inner hinge 
open, the cable tensioning spring is repeatedly compressed then released. The force 
builds until it overcomes stiction in the hinges and the outer panel opens a few more 
degrees releasing the energy in the spring. In this fashion, the actuator only needs to 
match the force resisting the deployment of the panels. Unlike stored energy 
deployment systems, the force margin is unused. The result is a slower deployment, 
with minimal shock and impact forces at the end of the deployment. 

After the array is completely deployed, the actuator piston must reach a hard stop to 
prevent the squeeze boot from inverting and damaging the actuator. Once the actuator 
reaches this hard stop, pressure continues to increase until the internal temperature is 
sufficient for the PTC thermistors to reduce the power draw from the battery. The 
actuator then begins to cool and the measured force drops (Figure 7). 


SWAS S/A D*ploym»rrt 10/28SB 
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Figure 7. PTC Cutoff is Indicated by Change in Slope of Curves 


Test Anomaly 

Following the final deployment at the launch site, NASA personnel noticed that the peak 
force at which the PTC thermistor switched off had decreased. This change was only 
observed on one of the two deployment actuators, the -X one. Figure 8 shows this 
feature on the -X array while Figure 9 shows that the change did not occur on the +X 
array. Several tests were necessary to isolate the problem to the actuator. The spare 
actuator was integrated and two final deployment tests were run to confirm that the 
spare was operating properly. The spare was flown on the mission. At the time of 
writing, a final disposition on the cause of the degrading performance had not been 
completed. 
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Figure 8. Degrading Performance of -X Deployment Actuator 
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Figure 9. Nominal Performance of +X Deployment Actuator 

Analytical Model 

A model of the solar array deployment mechanism was developed using ADAMS 
(Automatic Dynamic Analysis of Mechanical Systems), a commercial, off-the-shelf 
dynamics analysis program from Mechanical Dynamics, Inc. [1]. The goal was to 
validate the model against ground testing results, then use the model to predict flight 
performance. 

There are three bodies in the model: the spacecraft body (fixed on ground), the inner 
panel, and the outer panel (Figure 10). The inner panel is attached to the body with a 
revolute joint that represents the inner hinge. This first joint is driven directly by the 
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deployment mechanism and is intended to lock at 1 13 deg, although no latch is included 
in the model. The outer panel is connected to the inner panel with another revolute joint 
to represent the outer hinge. The second joint is opened by the tensioned cable and 
latches at 180 deg. 

The paraffin actuator is represented by an applied motion with a value of 0.127 mm per 
second. This rate is derived from stroke of the actuator (25.4 mm or 1 .0 inch) that 
takes approximately 200 seconds once powered. This actuator cannot apply an overly 
large force so a spring was used to represent mechanical slack in the system. The 
spring constant value was large (20,000 N/m) and selected to match ground testing 
results. The spring pushes on a rod that is constrained by a translational joint that 
represents the input to the helical cam. An ADAMS coupler joint converts the linear 
motion of the rod to a rotational motion of the inner hinge to simulate the cam function. 
The coupler rate is 12.88 mm per radian to connect the 25.4 mm (1 .0 inch) of actuator 
translation to the 113 deg (1 .972 rad) of inner hinge rotation. 



Figure 10. ADAMS Model of SWAS Solar Array 

The cable opens the outer panel by applying torque at the outer hinge as the actuator 
drives the inner panel. A torque function was used to model the effect of the spring- 
tensioned cable. Apart from the initial tension, cable force is caused by stretching due 
to a difference in hinge angles. The displacement of each end is the product of the 
mandril radius and the hinge angle. The resulting force is the difference in 
displacements multiplied by the spring constant of the spring that tensions the cable: 
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The spring constant k was measured to be approximately 315 N/m. The cable force 
pulls on both ends— the spacecraft body and the outer hinge. The torque on the outer 
hinge is then the spring force times the radius of the hinge: 
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ADAMS real-time measures of the hinge angles were created for use in the torque 
function as well as for plotting after each simulation run. 

Friction in the outer hinge was needed for the model to accurately recreate the motion 
of the outer panel. The standard ADAMS revolute joint friction torque was used with a 
coefficient of friction of 0.04 to represent the Teflon-coated hardware in the joints [2]. 
This friction torque includes stiction and axial preload effects. 

Analysis of Ground Testing 

Initial runs of the simulation were made of the ground test setup in order to finalize 
parameter selection. As shown in Figure 1 1 , the model reasonably matches ground test 
results. The inner hinge (dotted line) begins to open at about 5 seconds once slack has 
been taken up by the actuator; the inner hinge then opens steadily towards the 1 13 
degree design position. Note that the hinge actually moves beyond 113 degrees since 
there is no latch in the model. The outer hinge (solid line) does not start moving until 
the inner hinge has reached approximately 1 0 deg as designed. Note that the outer 
hinge motion exhibits the start-and-stop behavior seen in ground testing. This jerkiness 
is due to stiction in the outer hinge. When the inner panel has opened a sufficient 
amount, the torque due to the cable overcomes stiction and outer panel moves. When 
the outer panel has moved to the point that cable tension is relieved the stiction in the 
hinge stops the motion until the next cycle. 
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Flight Prediction 


In the model, the only difference between the ground and flight environments was 
gravity. For the prediction of flight performance of the mechanism a simulation run with 
no gravity was made. As shown in Figure 12, the results are not very different from the 
ground test run. The inner hinge (dashed line) motion is essentially the same while the 
outer hinge begins to open sooner than before. The start-and-stop motion of the outer 
panel is not as pronounced and the steps occur over smaller angles. In general terms, 
these results make sense because joint friction due to weight is no longer present. In 
addition, the solar array deployment mechanism was designed to be very robust so the 
absence of gravity does not cause a major change in behavior. 
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Figure 12. Hinge Angles for Flight Prediction Model 


Flight Results 

The SWAS spacecraft was successfully launched on a Pegasus XL vehicle on 
December 5, 1998 [3]. Separation of the booster and deployment of the solar arrays 
were confirmed in telemetry. Figures 13 (actuator force) and 14 (inner hinge angle) 
show the flight performance of the +X array. 
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Figure 13. Flight Data for +X Solar Array Deployment Force 
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Figure 14, Flight Data for +X Solar Array Inner Hinge Angle 


Figures 13 (actuator force) and 14 (inner hinge angle) show the flight performance of 
the -X array. Note that the peak force was approximately 400 N (90 lb), a similar value 
to that for the +X array. 
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Figure 15. Flight Data for -X Solar Array Deployment Force 
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Figure 16. Flight Data for -X Solar Array Inner Hinge Angle 


Conclusions 

While the flight data was not what I had personally expected, it showed that the SWAS 
ground testing environment was remarkably similar to the flight environment. The 
anticipated effect of gravity on increased moment, and hinge friction, turned out to be 
minimal. Instead, it appears that the tensioning springs dominated the force required to 
deploy the arrays. The fact that a slightly higher force was required in orbit is probably 
due to the difference in ambient temperature and lack of air on the dry lubricated 
surfaces. 
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Ground testing remains of vital importance with the set of complex and flight-critical 
mechanisms used to deploy the SWAS solar arrays. The interaction of friction and 
other higher-order effects can be difficult to model analytically but test data makes the 
job much easier. Computer models of these mechanisms can be used both for flight 
performance predictions and to gain insight into the system motion. 
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250 Meter Wire Antenna Deployer Mechanism 

Scotty R. Allen* ^S'3 ^ 


Abstract 

A wire antenna deployer for the Radio Plasma Imager (RPI) instrument on the Imager 
for Magnetopause-to-Aurora Global Exploration (IMAGE) spacecraft has been 
developed and qualified for space flight by AEC-Able Engineering Company, 
Incorporated. Performance specifications; design of the deployer mechanism; and 
lessons learned during the design, manufacturing and testing phases of the program 
are presented. Unique aspects of this design include a mechanism capable of 
withstanding sustained high voltages in excess of 6400 VAC, an internal wire tensioning 
device, and use of stepper motors to provide simultaneous antenna deployment in the 
spin plane of the spacecraft of 4 deployers at virtually identical rates. 

Introduction 

Four, 250-meter wire antenna deployers form part of the RPI instrument on the IMAGE 
spacecraft scheduled to be launched into an elliptical, polar orbit using a Delta II rocket 
on, 1 January 2000, from Vandenberg Air Force Base. The orbit, measuring 1000 km x 
7 Earth radii, will carry the spacecraft through the Van Allen radiation belts out to the 
edges of the magnetosphere. The spacecraft is spin stabilized at 0.052 rad/s (0.5 rpm). 
The four, 250-meter wire antennas spaced at 90 degrees around the spacecraft 
perimeter deploy radially outward in the spin plane of the spacecraft, thus forming a pair 
of crossed dipole antennas. Digitally synthesized radio signal pulses in frequencies 
between 3 kHz and 3 MHz are transmitted on these radial dipole antennas. These 
same antennas then act as receivers for the signals reflected from the plasma structure 
of the Earth’s magnetosphere. The scope of this paper is limited to the design, 
manufacture, test, and lessons learned associated with the antenna deployment 
mechanisms. Other aspects of the RPI instrument are beyond the scope of this paper. 

Many of the lessons learned during the development, manufacturing and test of the wire 
antenna deployer were qualitative in nature. While laborious and excruciating 
quantitative technical or analytical detail may be of value to this specific design, the 
purpose of this paper is to present enough technical detail to understand the operation 
of the mechanisms, and to get a feel for the relative magnitude of those aspects of the 
mechanism performance that relate to the lessons learned. 


* AEC-Able Engineering Co., Inc., Goleta, CA 
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Performance Specifications 


The qualification testing demonstrated that the wire deployer met the performance 
parameters described in Table 1 . The deployment rate of the antenna is determined by 
software-controlled clock signals sent from the spacecraft computer (CPU) to the 
stepper motor controller. The mass of the deployer does not include the transceiver 
electronics. Radiation hardness was not tested; however, components in the stepper 
motor controller are designed to withstand radiation exposure greater than 100 krad. 

Table 1 . Wire Deployer Specifications and Performance 


DeDloved Antenna Length 

250 m (820 ft) 

* * — * 

Deployment Rate 

Programmable 0.7 to 1 .5 cm/sec 

Hiqh Voltaqe Capability 

6400 VAC (6kHz); 2250 VDC 

Mass 

4.8 kq (10.6 lb) 

Size 

46.1 cm long (spacecraft radial direction) _ 
21 .5 cm wide x 20.4 cm high 

Wire Tension Limits 

0.09 to 13.4 N (0.02 to 3 lb) 

Operating Temperature Range 

-30°C to +40°C 

Radiation Exposure 

1 00 krad 


Mechanism Description 


Please refer to Figure 1 , Side View of the RPI Radial Antenna Deployer, Side Plate 
Removed, and Figure 2, Drive-End View of the RPI Radial Antenna Deployer, 
Electronics Cover Removed, to see a visual overview of the mechanism described in 
the following paragraphs in this section. 

Wire Storage and Transport 

The basic concept for wire storage is a single-layer wrap of beryllium-copper wire 
around a threaded aluminum spool 15.24 cm (6.000 in) in diameter. As the spool is 
rotated, a carrier travels along the spool tracking the threads. A pulley on the carrier 
guides the wire tangentially off of the spool and through a 90-degree direction change to 
exit the deployer parallel to the spool axis. These parts are identified in Figure 3, 
Detailed View of the Carrier Assembly. 
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Figure 1. Side View of the RPI Radial Antenna Deployer, Side Plate Removed 
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Figure 2. Drive-End View of the RPI Radial Antenna Deployer, Electronics Cover Removed 
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The carrier assembly, which engages the spool threads, consists of the following: an 
aluminum frame; six, threaded, Delrin pads attached around the inner diameter of the 
frame (one every 60 degrees) to engage the spool threads; a bracket-mounted pulley 
for guiding the wire on/off the spool, an anti-rotation beam to kinematically ground the 
carrier frame preventing its rotation about the spool axis, and counter-weights to 
balance the frame about the spool axis. 

The diameter of the wire is the primary factor that determines the minimum thread pitch 
on the spool. In this case, the wire diameter is 0.4 mm (0.016 in) and the thread pitch is 
48 threads per 25.4 mm. Two secondary design issues affecting the thread pitch are 
sufficient clearance between the mating threads of the spool and carrier to ensure free 
rotation, and the gear ratios available on the lathe used to machine the threads. For the 
spool diameter used in this deployer, a diametrical clearance of 0.01 mm (0.004 in) was 
required between the mating threads. Since the thread height was 0.03 mm (0.012 in), 
this would leave nominally 0.02 mm of interference to prevent a threaded pad on the 
carrier from jumping a thread on the spool. Experience during vibration testing indicates 
that this is sufficient, but should not be reduced. 

Reasons for clearances between mating threads are to accommodate imperfections in 
the threads on each mating part, out-of-plane free-state distortion of the carrier frame, 
and free-state distortions of the spool. The spools were machined from extruded tube 
having very little residual stress that could result in distortion during part machining, but 
the tooling used to support one end of the spool did create local distortions, which 
caused problems at final assembly. 

Stepper Motor. Controller and Drive Train 

In order to maintain proper stability of the spacecraft during antenna deployment, the 
deployment rate needed be consistent among all four deployers. A 2-phase, 6-pole 
stepper motor provided the best characteristics to meet the requirements for relatively 
slow speed and exact speed control. A magnetic detent brake integral to the stepper 
motor provides passive restraint of the wire deployer gear train to resist vibration and 
centrifugal loads encountered during launch. The magnetic detent brake was chosen 
instead of a more conventional power-off brake in order to minimize power consumption 
during motor operation. 


The motor controller is integral to the antenna deployer (Figure 4). It receives raw 28 V 
DC spacecraft power and a clock pulse from the spacecraft CPU. The controller has 
DC-DC converters and filters to condition the power for use by the stepper motor and 
control electronics. The controller also provides the connections for the limit switch 
harness to provide status to the CPU of deployed wire length and end-of-deployment 
conditions. The deployer structure surrounding the controller has a wall thickness of 46 
mm to provide shielding from electron radiation; and to provide a good heat conduction 
path away from the controller. 
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Figure 4. Detailed View of the Stepper Motor Controller 





Integral to the stepper motor are two 10:1 reduction gearheads in tandem with a flat 
blade interface on the output shaft. The output shaft interfaces with a closed slot in one 
end of a Vespel SP-1 drive shaft that has a 22-tooth spur gear on the other end. This 
gear in-turn drives a 7075-T73 aluminum, internal, 78-tooth ring gear attached coaxially 
to the spool. The overall gear reduction from motor to spool is 354.6: 1 . A Delrin 
100AF journal supports the Vespel drive shaft and provides structural support to the 
spool. These material combinations resulted in low friction, low wear interfaces in the 
gear train and effectively insulated the stepper motor and outer deployer structure from 
the components experiencing high voltage. The only lubrication present is Bray 601 
used in the two gearheads attached to the stepper motor. Proper design consideration 
had to be given to the shaft/bore clearances and gear backlash to account for the wide 
range of thermal expansion coefficients present in the different materials. 

A significant consideration for stepper motor performance is the degradation of motor 
torque with winding temperature. An example of the temperature rise can be seen in 
Figure 5, Stepper Motor Thermal Characteristics During Vacuum Operation. The 
stepper motor has full current flowing through the windings at all times when energized, 
except during the instant that polarity is being reversed in a winding. Therefore, a 
significant temperature increase results as this energy is dissipated in the stepper 
motor. Nominally, the torque decreases linearly with the winding resistance. For 
copper windings the resistance increases approximately 0.4% per °C increase in 
temperature. In the case of the wire deployer in a +40°C thermal/vacuum environment, 
the steady state motor temperature averages +1 13°C. At this temperature, the nominal 
output torque at the motor gearhead is reduced to 7.5 N«m (89 oz«in) from 9.7 N*m 
(115 oz»in) at room temperature. This fact must be accounted for when sizing a stepper 
motor in order to maintain the desired torque margin. Torque margins for the four, flight 
wire deployers range from +2.7 to +3.5 at +40°C, except in an area of local spool 
distortion affecting deployment on 2 units between a narrow range of 92-95% deployed. 
Within that range the torque margin dips to 1 .5. 

Deployment Wire Tensioner 

Due to the relatively low tension that exists in the antenna wire during some portions of 
deployment, a tensioning device driven by the spool rotation ensures that the antenna 
wire stays taught as it feeds off of the spool and around the pulley as the antenna is 
deployed (Figure 6). The tensioner consists of a spring-energized pawl pinching an idler 
roller in the pawl against the antenna wire captured in a groove of a driven-shaft. The 
rotation axis of the tensioner must be oriented at a right angle to the spool axis in order 
for the tangential motion of the grooved-shaft to be parallel to the wire motion. A 
coaxially mounted, internal ring gear on the exit-end of the spool drives a pinion with a 
bevel gear attached to the opposite end. This bevel gear drives a beveled pinion with 
the grooved-shaft on the opposite end that drives the wire. The bevel gears effect the 
right angle change of the rotating 
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Figure5, Stepper Motor Thermal Characteristics During Vacuum Operation 
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Figure 6. Detailed View of the Wire Tensioner Assembly 










axis. The gear ratios of the ring gear, pinion, and bevel gears combined with the proper 
diameter of the grooved-shaft were sized to give a 2%-3% overdrive ratio of the 
grooved-shaft speed relative to the speed of the wire coming off of the spool. The pinch 
force and friction coefficient of the grooved-shaft were tailored to provide a tensioning 
force sufficient to overcome the natural tendency of the wire to straighten. 

The ring gear is identical to the one on the drive-end of the spool, and drives the Delrin 
100AF pinion. The bevel gear material is Delrin 100AF and drives the bevel pinion 
made from Delrin 100. The grooved shaft was Delrin 100AF. The pinion shaft and 
driven-shaft are supported by bores in the support structure for the exit-end of the spool. 
The spool support structure is made of Delrin 100. The alignment of the bevel gears 
was accomplished by two stainless steel shafts intersecting at a right angle and 
screwed together. A wave washer provided a preload to maintain proper mesh of the 
bevel gears under the specified thermal extremes. This combination of materials 
provides a low-friction, low-wear drive train with high electrical resistance and 
manageable thermal expansion properties. 

Tip Mass/Spring Cartridge 

In order to provide a higher tension in the antenna wire from centrifugal acceleration of 
the spinning spacecraft, a mass was attached to the end of the antenna. Instead of 
being merely a mass, duel functionality was added by making a spring cartridge part of 
the mass. This serves as a preload mechanism to take up the slack and clearances in 
the antenna wire and associated transport mechanisms to eliminate impact damage in 
the launch vibration environment. 

High Voltage Conduction and Insulation 

The spool is made of 6061 -T6 aluminum alloy plated with an electroless nickel plating 
containing a co-deposite of 25% Teflon. This coating provides a conductive surface to 
prevent the 500+ wraps of stored wire from being a large inductor, and provides a low 
friction surface to minimize the drive torque required to deploy the wire. Electroless 
nickel plating was used on all other aluminum surfaces experiencing any wear or 
electrical connections in the direct path of the RPI antenna circuit. An exception to this 
was the internal ring gears attached to the spool, which were chemical conversion 
coated only. 

The wipers, which conduct the signal across the rotating connection between the RPI 
transceiver and the antenna wire, are made from beryllium copper alloy and plated with 
13 microns of hard gold. The wipers slide against the outside diameter of a 
protuberance from the spool hub that is plated with electroless nickel. Initially these 
wipers were not plated, but after a deployment cycle the resistance across the sliding 
interface became unstable ranging between 27 mQ to open circuit. With the gold 
plating, the electrical resistance was quite consistent, typically 0.92 to 1 .56 m£2, across 
the following connections in series: precision ohm meter lead clip (gold on electroless 
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nickel) to wiper housing, bolted interface between housing and wipers (electroless 
nickel to gold), sliding interface between wipers (2) and spool hub (gold on electroless 
nickel), and precision ohm meter lead clip to spool hub (gold on electroless nickel). 

Electrical insulation of the high voltage components from the outer structure was 
accomplished by two primary means: a 1 cm (0.4 in) air gap, or 4.3 mm (0.17 in) 
minimum thickness of Delrin. Since high voltage testing was to take place in ambient 
atmospheric and in vacuum environments, the air gap was sized for 5000 volts with a 
generous factor of safety of four for a worst case condition of a needle point in dry air. 

When using Delrin or Vespel for reliable high voltage insulators, an insulating value 
between 1180-1970 V/ mm (30-50 V/0.001 in) should be used. This is only one tenth 
the short exposure dielectric strength listed in the manufacturers engineering properties 
for these materials. In addition, plastic insulators should not be cleaned with solvents 
that leave a residue or permeate the plastic. These solvent residues may break down 
under high voltage and create carbon arc paths. 

Sharp edges approximately 0.13 mm or less in radius behave like sharp needle points, 
and can be sources of arcing and corona formation during exposure to high electric 
potential. The metallic parts were electropolished after machining to facilitate 100% 
burr removal and eliminate sharp “needle-point” peaks on the surface finish. Aluminum 
alloy 6061 was used for these parts since it could be electropolished. It is not 
recommended that aluminum alloy 7075 be electropolished because its magnesium 
content exceeds 2%. Electropolishing was an especially important process for the 
spools since the fine-pitch thread covers about 98% of the outside surface. Even 
though the thread crests were relatively sharp, this was mitigated by the close spacing 
of the threads and relatively shallow thread depth, and the threads did not extend to the 
end of the spool. 

Because of the geometry of the internal ring gears and the wipers, rounding comers 
was either not practical (small geaMeeth), or not applicable (thin metal strip). In these 
cases, a shield was used such that the sharp edges of these parts were surrounded by 
equal-potential surfaces. 

Radiation Shielding 

Radiation shielding does exact a weight penalty. The drive electronics had to be 
protected by aluminum shielding 4.6 mm (0.18 in) thick to reduce the radiation dose to 
30 krad over the life of the mission. The spacecraft structure counts for an additional 
0.5 mm equivalent aluminum shielding thickness. In order to minimize that impact, the 
stepper motor controller was made integral to the antenna deployer structure. This also 
enhanced the qualification and acceptance testing since a separate test sequence was 
not required for the drive electronics. A secondary benefit is that the additional 
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aluminum used for radiation shielding aided conduction of heat away from the motor 
and controller. 

Where wire harnesses penetrate the motor controller cavity, a serpentine trough was 
machined into the side wall for the harness to lay into. This trough needs to have 
geometry such that any electrons entering through the penetration must be reflected at 
least twice before entering the electronics cavity. This trough also serves as an 
excellent strain relief for the wire harnesses. 

Lessons Learned 


Reliable Electrical Insulators 

PDR is a tough time to learn that the thickness of Delrin insulators is only one-fifth what 
they should be for high reliability in this high voltage application. There is big difference 
in what value to use for dielectric strength for short duration tests versus high reliability 
applications. Use 1180-1970 volts per mm (30-50 volts per 0.001 in) (Ref. 1) as the 
dielectric strength for Delrin and Vespel. 

Distortion of Bores in Low-Modulus Materials bv Inspection Tools During Inspection 
As discussed in the mechanism description, there are several instances where shafts 
associated with the spool or tensioner drive trains are turning in bores of Delrin parts. 
However, since these bores are in Delrin parts and have relatively thin wall thickness, 
normal inspection tooling distorted the size and/or shape of the bore to give an 
erroneous size measurement. A lesson learned from this is to identify bores in low- 
modulus materials prior to manufacturing of these parts in order to coordinate with the 
machinists and inspectors how the true size of the bore will be measured. This will 
ensure the parts meet the intended design clearances. 

In the case of using Deltronic pins, inspectors considered the bore to be the size of the 
largest diameter pin they could force through by hand. This would have resulted in 
much too tight of fit for what I had designed. In the case of some tensioner parts, the 
diameter of the 6.35 mm (0.25 in) stainless steel shafts was reduced by 0.05 mm (0.002 
in) to provide the proper sliding fit necessary at the cold temperature extreme. 

Another situation involved the use of a bore gauge having three radial probes that 
register against the bore surface when measuring the diameter. The force applied by 
the probes when tightened to the point at which the micrometer clutch began slipping 
was enough to distort a 16.88 mm (0.626 in) nominal diameter bore into a lobed shape. 
The actual diameter of the bore was 0.05 mm (0.002 in) smaller. Again the Vespel drive 
shaft was machined smaller in order to achieve the required clearance at the cold 
temperature extreme. 
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Proper Specification and Verification of Stepper Motor Performance 
The stepper motor vendor selected came highly recommended. This contributed to a 
perception that the stepper motor procurement would be low risk, and that some time 
and cost savings could result by having minimal motor testing performed by the vendor. 
However, when the motor began pulling out during the first functional test of the 
qualification unit at ambient conditions, that was our first realization that the motors did 
not meet the specification. 

Of course much more time and cost had to be expended to correct the problem at this 
point than could have been potentially saved at the start of the procurement. Torque 
output of the original motors ranged between 44% - 72% of that required by the 
specification at room temperature. The major cause being that the magnetic detent 
brake detracted significantly from the motor torque output below 200 pps. 

The solution to the problem required the following: motor winding redesign, detent 
torque reduction, removal of voltage dropping resistors on the motor controller in-line 
with the motor windings, and run-in of the motor unit with the gearhead for 3 to 5 hours 
in the direction of deployment at 75% of the minimum room temperature pullout torque. 

These solutions were not without drawbacks. Some of the increase in torque from more 
current flowing through lower resistance windings was offset by an increase in the 
operating temperature of the motor. The margin preventing the back driving of the 
mechanism was reduced by the reduction of the detent force. If this problem had been 
discovered by the vendor during more thorough acceptance testing, then a better 
solution from a technical, cost, and schedule perspective could have been realized. 
Namely, a 25-mm (1 in) diameter motor having a higher torque constant could have 
been selected which would have satisfied all of the requirements better than the solution 
arrived at in the eleventh hour. 

Gold is Great for Sliding Electrical Contacts 

Initially the wiper design did not have gold plating on the contact interface because 
beryllium-copper sliding on electroless nickel plating had worked well in a previous 
sliding application. The subtle differences between these wiper applications, and the 
need to have very low resistance on the order of 1 to 5 mQ necessitated using 
electrolytic gold plating. In future electrical wiper applications, gold will be used to coat 
the copper alloy part. The cost of the gold plating is insignificant in comparison to the 
cost of not having it. 

Importance of Mass Balance and Stiffness in Mechanisms 
A significant redesign of the carrier frame on the qualification unit was needed to 
overcome failures of the deployer mechanism during the first attempt at passing the 
vibration tests. Since the carrier is able to rotate relative to the spool, any mass 
imbalance about this axis of rotation will impart a torque on the carrier frame when 
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subjected to the accelerations of the vibration test. An imbalance of less than 0.045 kg 
(0.10 lb) resulting in a torque of 0.025 N*m (3.5 in*oz) was excited such that a bearing 
with a static load rating of 76 N (17 lb) that guides the end of the anti-rotation beam was 
brinelled. This indicates resonant frequencies in the deployer resulted in a load 
amplification on the order of 30 times the 14.1 overall random vibration loads. The 
0.5 G sine sweep indicated that the response/input ratio would be at least 17:1 at 271 
Hz. 

Adding balancing mass to the carrier frame to eliminate over 90% of the imbalance 
reduced the excitation force. Stiffening the connection of the anti-torque beam to the 
carrier, and designing the carrier frame to engage the spool with six threaded pads 
instead of four reduced the dynamic amplification factor to acceptable levels. 

Don’t Forget the Tooling! 

The spools were a challenging part to machine due to the tight tolerance, delicate 
threads machined on the outside diameter of the thin cylinder walls. The tooling to hold 
the spool through the various stages of machining on the lathe was critical to the 
success of this process. An oversight of the tooling design was to consider proper 
clearance of the outside diameter-to-face radius on a plug where it butted against a 
flange in the inside diameter of the spool. Since the plug comer radius was sharper 
than the fillet radius between the flange-inside diameter radius, the face of the plug 
could not fully seat against the flange on the spool. In addition, it was discovered later 
that a slight raised lip existed on the plug face due to deformation from improper 
handling that also contributed to the inability of the plug face to seat against the flange 
face. When the plug was tightened by six bolts engaging threaded holes in the spool 
flange, it caused distortion of the spool side walls on one end only which went 
undetected until the carrier was screwed on to the spool during final assembly 
operations. The distortion pattern coincided with the spacing of the pads on the carrier 
frame resulting in binding. This required repair of the spools. This problem probably 
existed on the qualification unit as well, but went undetected because the carrier frame 
with four pads was flexible enough to accommodate the six-lobe distortion pattern of the 
spool threads. 

Shipping Container Considerations 

The shipping environment may involve types of motions that do not exist in testing or 
actual launch and flight environments. Such is the case with the wire deployer. 
Specifically, the tumbling of a shipping container, or even resting one edge of the 
shipping box on the ground and allowing the other edge to drop will impart angular 
momentum into the spool of the wire deployer inside. When the container that has a 
component of rotation in its motion comes to an abrupt stop, a rather high deceleration 
of the deployer structure can caus e a high torque to exist in the drive train between the 
stepper motor and the spool. This has caused the deployer antenna to lose some or all 
of its preload tension during shipping. Since the gear train is robust compared to the 
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detent brake restraining torque, no damage to the gear train results, but all the same 
this condition is not desired. Proper consideration of these motions should be given to 
shipping container design of mechanisms. The shipping container should be designed 
to allow damped torsional compliance between the packaged deployer and the shipping 
container structure. The idea is to minimize rotational decelerations imparted to the 
mechanism by the shipping container. Figure 7, Torsionally Compliant Shipping 
Container Schematic contains an idea for protectively packaging a mechanism sensitive 
to torsional accelerations. 



Figure 7. Torsionally Compliant Shipping Container Schematic 
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The Design and Development of a Motorized Vacuum Door for the Far 

Ultraviolet Spectroscopic Explorer 
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Abstract 

The Far Ultraviolet Spectroscopic Explorer (FUSE), slated for launch in early 1999, is 
an astronomical instrument providing ultraviolet spectroscopy in the 90 to 170 nm 
bandpass. The Space Sciences Laboratory (SSL) provided the image intensifying 
detectors for FUSE, under contract from Johns Hopkins University, and 
NASA/Goddard. These detectors only operate in a vacuum, and are damaged by 
exposure to contaminates and air. We designed and developed a motorized vacuum 
door to protect the detectors while the instrument is exposed to air. The door 
incorporates several innovative features, including linear motion for a low profile; 
straight-line compression of the sealing o-ring to preclude a rolling failure; a redundant 
actuator that may be tested and reset remotely; and adaptability to future programs 
with minor modifications. This paper outlines the door design, its features, and a few 
minor technical challenges. 


Introduction 

A common mechanical challenge faced by the designers of spaceborne instruments is 
how to maintain the proper environment for a specific component during test and 
integration, yet reliably expose the component for its intended use once in space. 
Using similar technology as night vision goggles, microchannel plate detectors often 
must be maintained at hard vacuum from the completion of their assembly through the 
remainder of their usable lifetime. These detectors possess a vacuum deposited 
coating on the active area of the plates, which serves to increase their gain 
(sensitivity). This coating is ruined by exposure to oxygen, moisture, and other 
contaminates. Additionally, the detectors utilize high voltage and can only be turned 
on while at vacuum. 

A simple solution is often the incorporation of windows into a custom vacuum 
chamber. However, in the case of the far ultraviolet region of the spectrum, no window 
materials currently exist with sufficient transmission properties. Consequently, the 
detector active area must have unimpeded view of the optical ray trace (that is, no 
windows in the path). The obvious solution is a vacuum tight door, closed to protect 
the detector when the instrument is exposed to air, and opened during testing in a 
vacuum tank and on orbit. However, it must be remembered that the door mechanism 
then becomes a mission critical component (i.e., if it fails to open, the detector is 
useless and the mission ruined). 
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Design Requirements 


The design for the FUSE motorized vacuum door had to meet the following 
requirements: 

1 Provide a vacuum tight seal to the detector input aperture, holding a vacuum of 
7.0E-5 Pa or better while pumping with one 6 I/s ion pump 

2 Open or close in under 3 minutes. 

3 Incorporate UV compatible windows to facilitate detector “health” testing with the 
rest of the instrument exposed to air. 

4 Incorporate a redundant opening system in case of motor failure. This system must 
be capable of being tested and reset remotely. 

5 Minimize shock loads during operation. 

6 Fit the allocated space for the detectors, and provide a low profile. 

7 Incorporate position sensors for door opened, door closed, door analog position, 
and activation of the redundant system. 

8 Survive an expected use of 750 open-close cycles. 

9 Generate minimal contaminants (particulate or lubricants) 

10 Total mass for the complete door unit must be under 3 kg. 

1 1 Minimize the use of ferromagnetic materials. 

12 Operate in air in a clean room environment (fortesting) 

1 3 Operate in vacuum, at temperatures from +5 to +35 °C 

14 Survive exposure to temperatures from -10 to +40 °C in vacuum 

1 5 Survive a standard aerospace vibration test. 

Design Overview 

The Detector Door Assembly (DDA) consists of an over-center door mechanism, a 
drive unit, and a spring operated redundant actuator (Figure 1). The door mechanism 
rides on two rails above the vacuum chamber and has an upper (driver) door and a 
lower (sealing) door connected by over-center links. In the open position (Figure 2), 
the door completely clears the detector input aperture. In the closed position (Figure 
3), the door provides a vacuum tight seal via a captive O-ring in a groove on the 
vacuum chamber. The functioning of the door geometry is similar to existing vacuum 
“gate valve” devices. The door mechanism and redundant actuator have a combined 
mass of 1 .2 kg, and the drive unit’s mass is 1 kg. 

The DDA has two modes of operations: primary and backup. In the primary mode, the 
door mechanism is opened and closed by the drive unit, taking approximately 3 
minutes to move 40 mm from one extreme to the other. The backup mode of operation 
is capable of opening the door in case of a failure in the drive unit. 
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Figure 2. Door in Open Position Figure 3. Door in Closed Position 


The operation of the door mechanism is fairly simple. In the closing direction, o-ring 
“springs” placed between the ends of the two doors keep them in contact until the 
lower door's forward movement is stopped by the short over-center stops (Figure 4). 
At this point, the driver door, unimpeded by the short stops, continues along the rails. 
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This forces the sealing door to travel down (towards the O-ring) by virtue of the over- 
center links. The compression force supplied to the o-ring is adjusted by shims placed 
under the rail mounts. The maximum force is achieved when the driver door is directly 
over the sealing door. The driver door is set to be stopped by the control electronics 
approximately 0.5-1 mm pass the center position, and does not actually touch the tall 
over-center stops (Figure 5). The opposing force from the compressed o-ring and 
over-center links has a small component in the closing direction, providing a locking 
force. 

This simple movement provides an elegant sealing mechanism with the following 
advantages: The O-ring is compressed in a linear fashion (no chance of 'rolling' the 
O-ring); the over-center feature provides positive locking to the system (prevents 
opening under vibration loading at launch and testing); the compact linear motion 
precludes the large envelope required in 'swinging arm' style doors; and the relatively 
gentle motion (slow compression/relaxation of the O-ring) produces no shock load. 



Figure 4. Begin Over-Center Figure 5. End Over-Center Motion 
Motion 


There are several different materials used to construct the door mechanism. The 
driver door is machined from 7075-T73 aluminum, and rides on the support rails via 4 
MIL-Spec teflon/fabric plain bearings. The support rails were ground from MP35N bar 
stock. This material is a multiphase alloy of Ni, Co, Cr, and Mo, which possesses the 
required hardness for the plain bearings, and a slightly better stiffness than stainless 
steel. The sealing door is 304 stainless steel, and is connected to the driver door via 
7075 aluminum links, bronze bushings, and stainless steel pins. The short and tall 
over-center stops are bronze and polyetheretherketone (PEEK) respectively, and the 
o-rings are Viton. All other parts are either 304 stainless or 6061 aluminum. 


76 


Since the driver door is aluminum, and the vacuum chamber stainless steel, 
provisions were made to accommodate the mismatch in thermal expansion 
coefficients. If this had not been done, the door would bind on the support rails with a 
temperature change of less than 20°C. At the base of each support rail mount is an 
adapter block, mounted to the top of the chamber with shoulder screws and safety 
wire. The blocks under one rail have slots that allow up to 1 mm of “float”, which 
prevents binding. 

Drive Unit 

In the primary mode of operation, the driver door is moved by the drive unit (Figure 6). 
A 27 V DC gearmotor rotates a set of helical reduction gears, which in turn rotate a 
lead screw. This moves the lead screw power nut, which is connected to the 
redundant actuator housing. A drive strut protruding through the actuator housing 
transfers the driving force to the door mechanism. 

For simplicity in the control electronics, we chose a standard off-the-shelf brushed DC 
gearmotor, modified for spaceborne use at SSL. The supplied brushes are replaced 
with vacuum compatible silver/carbon/MoS ones. The integral five-stage planetary 
gearhead provides a 6391:1 reduction and a maximum continuous output torque of 
2.1 N*m at approximately 5 rpm. The gears are removed, cleaned and packed with 
Braycote 602 lubricant. The small ball bearings in the gearmotor are replaced with 
“run dry” stainless steel ball bearings. The ball retainer in this type of bearings is of a 
MoS impregnated plastic. These gearmotors have been used on CLUSTER, FAST, 
POLAR, and several other flight programs, with an excellent reliability record. 

The gearmotor is enclosed in an aluminum drive housing, which also supports the rest 
of the drive components. A stainless steel lead screw is driven by the gearmotor via 
two helical reduction gears, with a ratio of 2:1. The pinion gear is stainless steel, while 
the spur gear is bronze. A bronze leadscrew nut rides on two stainless steel guide 
rails to provide linear motion to the door. Thrust loads on the lead screw are handled 
by two flanged teflon/fabric plain bearings. Lubrication for the helical gears and lead 
screw is provided by a thin coat of Braycote 602. 

Redundant Actuator 

As stated earlier, failure of the DDA to open is a critical failure of the FUSE mission. In 
the event the gearmotor is inoperative, a reliable secondary method of opening the 
door is provided via the redundant actuator assembly (Figure 7). The drive strut which 
connects the driver door to the lead screw nut is spring preloaded with a nested stack 
of belleville, round wire, and flat wire “wave” compression springs (together called the 
“spring pack”) and held in place from releasing by a clamshell device. This device 
consists of two symmetrical semicircular jaws that grab the strut in two grooves (Figure 
8). The joint is kept locked by virtue of the high spring preload. 
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Figure 6. Prototype Drive Unit 


Figure 7. Redundant Actuator 
Assembly 


To open the door in the backup mode of operation, a wax actuator is employed near 
the clamshell interface. The wax actuator is an off-the-shelf unit with a long history of 
flight use. The wax actuator is activated by virtue of heating one of its redundant pair 
of integral resistive heating elements. The wax expands as it is heated, providing 220 
N of linear output. A ball-tipped plunger is forced between the clamshell halves, 
releasing the preloaded springs. The belleville washers provide a force of over 300 N 
to over-center the door in the open direction, while the remaining compression springs 
pull the door up against its open position stops. Following the opening of the door, 
power to the wax actuator is cut off when optical switches sense that the door and the 
clamshells are both open. With the heater shut off, the wax begins to cool and the 
output shaft of the device returns to its original position by virtue of a return spring on 
the ball plunger. 


The redundant actuator is capable of 
being reset through the drive unit. 

Once the wax actuator has cooled 
sufficiently for the ball plunger to retract 
(a few minutes), a flat spring provides a 
light closing force on the clamshells. 
The drive unit is then moved into the 
door open position. Since the door is 
already open, and up against stops, the 
drive unit compresses the spring pack 
until the clamshells reengage the drive 
strut grooves. The door is now back to 
its original configuration. 


Figure 8. Clamshell Halves & 
Drive Strut 
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Door Position Sensing 

A number of optical switches are incorporated into the DDA to provide inputs to the 
control electronics, verify position, and provide data points in any troubleshooting 
effort. The optical switches consist of a gallium aluminum arsenide LED and a 
phototransistor, housed in a plastic case. A slot is in the case, across which the LED 
illuminates the phototransistor. Filling the slot with an opaque object blocks the LED 
and ‘triggers” the switch. The DDA employs these switches in a binary mode for door 
open, door closed, and clamshells open. An additional switch is progressively 
blocked as the door moves throughout its travel (the LED “beam” width is 
approximately 1 mm), providing intermediate position sensing. 

Sealing Door Windows 

As is often the case with instruments launched from rockets, it is desirable to be able to 
perform a "health test” of the detector just prior to launch. This test is usually defined to 
be a simple turn-on that takes little time or preparation, involves few personnel and 
procedures, and simply checks the health of the detector. To incorporate this 
capability into the FUSE Detector, the sealing door incorporates two sapphire 
windows. A small UV lamp located above the detector provides enough illumination to 
check the detector health. 

The integration of vacuum tight windows (Figure 9) into the stainless steel sealing door 
proved to be one of the more difficult design tasks for the DDA. The windows are 
narrow rectangles, in contrast to the usual round vacuum window. The high aspect 
ratio was a concern from a thermal stress standpoint. The 2-mm thick sapphire is 
metalized by vacuum deposition along the outer 3 mm of the sealing face. It is then 
oven brazed with a soft solder to kovar adapters. The adapters have a fairly thin wall, 
allowing some flex to relieve thermal stresses. The final joint is an electron beam weld 
between the kovar and sealing door. 



Figure 9. Sapphire Windows in Sealing Door 
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Testing Overview 


As a new and unproven design, the door mechanism passed a rigorous series of tests 
to prove its suitability for spaceborne use. The first of these was a simple vacuum 
sealing test to verify the door’s ability to adequately seal the detector input aperture. 
One fligh- type ion pump provided the high vacuum pumping. Once the pressure 
reached below 7.0E-5 Pa, the test was considered a success. 

The second test was a qualification level vibration test, during which the door was 
exposed to standard sine and random vibration in three axes. Prior to each exposure 
to vibration, we pumped the test fixture to below 1 .OE-4 Pa. The pump was then 
valved off, and the fixture pressure monitored for any sudden rise (indication leakage) 
during vibration. With no loss in structural integrity, and no sudden pressure rise, the 
door passed the test. 

A life test was the third in the test series. A FUSE project scientist estimated the total 
number of door cycles required through instrument integration and launch to be 750. 
We defined a “cycle” as movement from opened to closed, or closed to opened (really 
a half cycle). For the life test, this number was multiplied by 4 to arrive at a total of 
3000 cycles. An additional 200 cycles were run at vacuum. For this test, standard 
mechanical contact microswitches provided position sensing. A control circuit with a 
digital counter cycled the door, with a dwell of 1 minute to allow the motor to cool. The 
door mechanism passed this test with no major failure. 

A thermal-vacuum test completed verification of the design. At a pressure below 1 .0E- 
4 Pa, we exposed the door to the survival temperatures of 40 and -10°C, and operated 
both the drive unit and redundant actuator at 35 and 5°C. The door completed eight 
complete thermal cycles to pass this test. 

Technical Challenges & Solutions 

Generation of Wear Particulates 

As with any mechanical system operating near optical components, low contaminant 
generation was a major concern. Our original goal was to run the all the door 
components free of any lubrication, except for the DC motor internal geartrain (which is 
completely self-contained). To reach this goal, we utilized standard Mil-Spec 
Teflon/fabric plain bearings where possible. For the lead screw materials, we 
consulted with a company specializing in their manufacture. They recommend the use 
of Ampco 18 Bronze for the nut, and 302 stainless steel for the screw. We used the 
same material combination for the over-center link pivots (bronze bushings with 
stainless pins) and the helical gears. 

During the life test, we discovered that the lead screw produced a small amount of very 
fine wear particles. More alarmingly, the over-center pivots did the same, and they 
travel directly over the detector aperture (Figure 10). This was obviously unacceptable 
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both for use in an optical cavity, and for a sensitive detector system at high voltage. 

We chose a very sparing application of Braycote 602 grease to the lead screw, helical 
gears, and pivot points as the simplest solution. We lightly applied the grease, 
assembled and meshed the parts, and removed all “extruded” excess. 

To verify this solution, we ran an additional life test of more than 1000 cycles. Four of 
the eight door links (one side) were left dry for comparison. No particulate matter was 
noted on the lubricated links (Figure 10) or from anywhere on the drive unit, while the 
dry links exhibited a small amount of particulates. 



Figure 10. Link Particulates figure 11. Lubricated Link 
From Original Life Test After 1000 Cycles 


Failure of O-rina Spring 

The door mechanism uses four small Viton o-rings as elastomeric springs to pull the 
sealing door up against the drive door as the door assembly opens. During life testing 
of the prototype, one of these o-rings broke after approximately 2700 cycles (Figure 
12). The o-ring vendor suggested the use of Ethylene Propylene (E540) as a more 
suitable polymer for this application. 

To verify the new material, we rigged a test apparatus to slowly cycle the o-rings 
between the open (stretched) and closed (relaxed) positions. We carefully inspected 2 
Viton and 2 E540 o-rings, and then subjected them to over 5000 cycles. All of the o- 
rings survived this test. Since both Viton o-rings survived, it became the material of 
choice due to its superior outgassing properties. However, suspecting a small flaw in 
the original failed o-ring, we carefully inspected all o-rings under a microscope prior to 
installing them for flight use. 

Transparency of PEEK in the Infrared 

The optical switches uncovered an unknown (to us) property of PEEK. The “trigger” 
used to block the LED for one switch was originally manufactured out of PEEK. On the 
prototype, this switch wasn’t working during the first system test with the flight 
electronics. After several hours of diagnostics to ensure the electronics were working 
properly, we tried a piece of stainless steel sheet to block the LED. This action 
successfully triggered the switch. 
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Figure 12. Broken O-ring Spring 
During Life Test 

After re-manufacturing the trigger blade out of aluminum, the system worked properly. 
While PEEK is opaque to visible light, the solution to our problem suggests it is 
transparent in the infrared. However, this has not been verified. 

Current Status 

As of mid-December, 1998, the FUSE satellite environmental testing is complete. The 
expected launch date is in early March of 1999. During the entire optical alignment, 
satellite integration, and environmental testing, the two flight door assemblies have 
performed flawlessly. The number of required cycles was grossly overestimated at 
750: the actual number is closer to 200. A slightly modified version of the FUSE 
detector system is being developed for the Cosmic Origins Spectrometer: a Hubble 
Space Telescope upgrade scheduled for installation during the 2002 service mission. 

Conclusions 

The FUSE detector vacuum door has proven to be a robust and reliable design, 
offering several benefits over other known devices of this type. These benefits include 
linear motion on rails, providing a compact external envelope; straight-line 
compression of the sealing o-ring to preclude a rolling failure; a redundant actuator 
that may be tested and reset remotely; and adaptability to future programs with minor 
modifications. 

The technical challenges we encountered during its development were relatively 
minor, and easily solved. Bronze and stainless steel for the lead screw, gears, and 
link pivots were a poor match for our requirements of dry running with minimal 
particulate generation. Viton o-rings, when used as elastomeric springs, must be 
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closely examined under a microscope for surface flaws in order to prevent failures. 
PEEK is transparent to the light from an optical switch LED. 
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Abstract 

The Dust Cover on the Space Infrared Telescope Facility (SIRTF) protects the 
instrument during launch, and then deploys on orbit exposing the telescope. During 
deployment the cover hinge mechanism ejects the cover allowing it to separate from 
the spacecraft. The necessity to observe and understand the actual motion of the 
cover during and after ejection required testing the mechanism on NASA’s KC-135A 
reduced gravity aircraft. This paper discusses unusual aspects of the ejectable hinge 
design, rationale for choosing this method of testing, information on preparation for 
and completing reduced gravity testing, and the results and lessons learned. 

SIRTF Background 

Designed to study the universe in the infrared wavelengths of light, SIRTF is the fourth 
and final of NASA’s “Great Observatories". The SIRTF spacecraft (shown in Figure 1) 
is scheduled for launch in December of 2001 . Maintaining them at extremely cold 
temperatures maximizes the infrared sensitivity of the telescope detectors. To achieve 
the near absolute zero operational temperatures, the spacecraft is equipped with state 
of the art cyrogenics and will operate in a solar orbit, trailing the Earth.. 

The satellite is a long cylinder with the instruments and propulsion on one end and the 
telescope at the opposite end. The cylindrical portion of the spacecraft (known as the 
Outer Shell) houses the telescope and the aperture for the infrared detectors (shown 
in Figure 2). Attached to the open end of the Outer Shell is the Dust Cover. The Dust 
Cover on SIRTF provides protection of the internal components from contamination 
during ground handling, launch environments, and on-orbit cool-down. 

Telescope covers typically remain attached to the spacecraft structure after 
deployment. With SIRTF, the additional heat absorption from the attached cover would 
significantly reduce the lifetime of the mission. This thermal issue, combined with the 
unusual orbit (reducing the concern of earth-orbiting debris) led to the selection of an 
ejectable cover design. Starsys Research was contracted by Ball Aerospace of 
Boulder, Colorado to design, manufacture and test the latch and hinge mechanisms to 
be used for the Dust Cover. 

An ejectable cover requires that the hinge be robust to survive launch loads while 
latched, constrain the cover during opening, then disengage and positively eject the 
cover from the spacecraft. The SIRTF design was further complicated by the need to 
operate at cryogenic temperatures and the need to accurately understand the 
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trajectory of the ejected cover. Table 1 summarizes the design requirements for the 
latch and hinge mechanisms. 

Latch Mechanism Design 

The latch mechanism design was based on a previously qualified mechanism 
developed for the Iridium® program. The latch is a compact, simple device that 
incorporates a redundant release. The design involves two main components: the 
deployable (affixed to the Dust Cover) and the latch body (affixed to the Outer Shell). 
Figure 3 shows a cross section of the latch mechanism. 

The deployable portion contains a tab which, when latched, is engaged between two 
cams on the latch body. Connected to the cams is a lever arm that is held in the 
latched position by a release pin. The mechanism is released through the use of two 
high output paraffin (HOP) actuators. When either HOP actuator is energized, the 
release pin is moved forward and disengages from the lever arm. The cam is biased 
open through the use of a torsion spring. Once the release pin clears the lever arm, 
the cam is free to rotate to the open position. Rotation of either cam allows the tab to 
clear and the deployable portion to release. A custom HOP actuator and mounting 
hardware were designed to operate in the low temperature environment. The 
Engineering Development Unit latch is shown in Figure 4 (note only one paraffin 
actuator is installed). 


Hinge Mechanism Design 


Design Considerations 

Several design concepts were evaluated to meet the requirements for the ejectable 
hinge. An initial design trade compared whether to use one engagement point for the 
cover (single hook) or two (double hooks). After evaluating both options, the double 
hook configuration was chosen. This approach provided more torsional rigidity for the 
cover, which helped ensure a predictable trajectory. The possibility of using an active 
mechanism (such as a spring) to eject the cover at the full rotation point was also 
evaluated. It was decided that this would add unnecessary complexity since the hinge 
components could be designed to utilize the cover inertia to provide ejection energy. 
Another design trade compared the use of Neg’ator springs versus torsion springs. 
Although Neg’ator springs would have provided the required torque with a flat torque 
profile, the torsion springs were more appropriate for the design envelope. 

With the basic concept determined, one of the first design issues addressed was how 
to apply the torque from the torsion springs into the rotation of the cover. An initial 
concept involved using the torsion spring to directly interface with the cover mount. 
This approach allowed the spring to fully unwind during release, complicating reset. It 
was determined that it would be better to have an interface component between the 
torsion spring and cover mount. A component, called the mandrel, was developed to 
transfer the torque from the torsion spring into the cover mount at release. 

The next issue addressed was how to apply the torque from the mandrel to rotate the 
cover mount. In the initial design, a feature of the mandrel acted to push on the end of 
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the hook during release. This method was determined to be unacceptable because 
the resultant force drove the hook against the rotational stop, creating a high sliding 
friction interface during release eliminating the redundancy of the rotating surfaces. In 
the final design concept, the drive pin on the hooks interfaces with a cutout feature on 
the mandrel. During release, the hook is pulled around the hingeline axis by the 
mandrel. The geometry of the drive feature was further developed so that as the hinge 
rotates, the torque is transferred to the hook in such a way that the resultant force acts 
inward (towards the hingeline axis). This keeps the hook in contact with the mandrel 
and takes advantage of the redundant bearings. This eliminated the non-redundant 
sliding friction between the hook and rotational stop during opening and was a key 
development to the design. 

With the drive system completed, the final issue was to design the components that 
would eject the cover from the spacecraft. The rotational stops, which are attached to 
the spacecraft mount, were developed to serve this purpose. These components 
change the location of the cover center of rotation partially through deployment, 
initiating ejection. The location and geometry of the contacting surfaces were 
designed to achieve the correct release trajectory. At 90 degrees of rotation, flats on 
the cover mount contact flats on the rotational stops. As the surfaces contact, the 
center of rotation shifts from around the hingeline axis to around the rotational stops. 
The ends of the hooks are now free of the rotational stop and the cover begins to 
separate from the spacecraft. From this point, inertia carries the cover through the 
remaining 30 degrees, until the ends of the hooks clear the mandrels and the cover is 
free to travel on its final trajectory. 

To verify the final design, a simple prototype was made using a dowel pin, a torsion 
spring, and a couple machined Delrin® parts. The prototype was invaluable in that it 
allowed us an effective method to evaluate and demonstrate the ejection concept. The 
cover dynamics were then simulated using Working Model 3-D®. This computer 
program is a motion simulation tool that allows the user to input numerous variables 
and constraints and output a variety of physical properties. The flexibility of the 
program allowed us to vary design inputs, including the change of rotation point, and 
output a simulated trajectory and angular speed. By adjusting the location of the 
secondary rotation point in the computer model, we were able to predict that we would 
meet the desired trajectory. 

Final Design 

The final hinge design, shown in Figure 5, comprises two main components: the cover 
mount (affixed to the Dust Cover) and the spacecraft mount (affixed to the Outer Shell). 
The cover mount is a single piece consisting of the two hooks into which the drive pins 
are installed. The spacecraft mount contains the rotational stops and the hinge drive 
system. The rotational stops are assembled onto the spacecraft mount using 
fasteners. 3 

The hinge drive system is located between the two arms of the spacecraft mount on 
the axle. The axle is supported at the arms on either end by a spherical bearing and 
bushing, which are secured into the spacecraft mount by the threaded capture ring. 

The rotation of the axle has three levels of redundancy. First, the axle is free to rotate 
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in a Torlon® bushing. This bushing is also free to rotate on the inner diameter of a 
spherical bearing. Finally, the ball of the spherical bearing is free to rotate in its race. 
The additional redundancy provides added margin for the cold temperature release. 
Installed onto the axle are the two mandrels, the torsion springs, and the hard stop 
cam. The axle is square in shape, allowing the mandrels and hard stop cam to be 
clocked relative to each other and driven together as a single unit. The ends of the 
axle are cylindrical to interface with the spherical bearings. The bushings are installed 
on the ends of the axles and the axle is then inserted into the spherical bushings. 

When latched, the hooks and drive pins interface with the mandrels on the spacecraft 
mount A feature on the mandrel engages the drive pin on the cover mount. The 
mandrels rotate about the hinge axis and transfer the torque from the torsion springs to 

the cover mount. 

The ejection of the cover involves three distinct phases of hinge operation as shown in 
Figure 6. In the launch position, the cover mount is constrained radially by the 
mandrel and rotational stop to accommodate vibration loads. After the latch is 
released on orbit, the cover is rotated about the hingeline by the torsion springs. 

During this rotation, the torque acts through the mandrel against the drive pin. The 
resultant forces due to acceleration keep the hooks of the cover mount around the 
mandrel and the hinge acts much like a non-ejectable hinge would. The rotation of the 
mandrels during release is limited to 90 degrees. The hard stop cam on the axle 
contacts the spacecraft mount and prevents rotation of the mandrels past this point. 

The rotation was limited to facilitate the reset: If the torsion springs were released the 
full 360 degrees, reset would be much more difficult. 

At ninety degrees of rotation, the flats on both hooks contact the rotational stops on the 
spacecraft mount. At this point, the rotation axis shifts from around the hingeline to 
around the stops. In this position, the hooks are no longer constrained by the 
rotational stops of the spacecraft bracket: however, the cover is not yet on a free 
trajectory. The cover continues to open about the new rotation axis. After 
approximately thirty degrees of additional rotation about the stops, the ends of the 
hooks clear the hingeline, and the cover is free to travel along its final trajectory. The 
Engineering Development Unit hinge is shown in Figure 7. 

Testing Approach 

As the design of the hinge and latch mechanism progressed, the question arose of 
how to properly test the components to verify the angular velocity, linear velocity, 
release trajectory, and impact imparted to the spacecraft at release. It was critical to 
know the trajectory and velocity of the cover after ejection to determine the effect, if 
any, the cover may have on the view of the telescope or the potential risk of contact 
with the spacecraft. The specification required the tolerance on the cover ejection 
angle to be ±1 5 degrees. The impact was important for the control strategy of the 
spacecraft. When the cover released, the impact imparted would be sensed by the 
spacecraft control mechanisms and provide the signal to discontinue power to the 
latch. Therefore, the impact had to be high enough to be sensed by the spacecraft, but 
not too high or it could cause a disturbance in the control of the spacecraft. Finding a 
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cost effective and accurate way to verify these characteristics presented another 
challenge for the program. 

The hinge mechanism is required to provide only one operation on-orbit. Due to the 
large mass of the cover, it was not required that the hinge be capable of supporting 1g 
deployments during ground testing. To properly verify the operation of the hinge, a 
method of testing needed to be determined that would eliminate the affect of gravity on 
the free motion of the cover. 

Simulating reduced gravity is often difficult since conventional methods can require 
elaborate fixturing and do not truly duplicate zero gravity conditions. Traditional cover 
dynamics testing would involve suspending the cover from a very high point (e.g. the 
ceiling of a high bay). The higher the point, the lower the loads imparted into the hinge 
during release. To minimize this affect for an ejectable cover, the cable would need to 
be attached to a point that could move as the cover is ejected from the spacecraft. 
However, the correct trajectory and velocity would need to be known to compensate 
for off-load cable interference. This requires an iterative testing approach. 

An alternative would involve off-loading the mass of the cover using a balloon. In this 
case, the drag from the balloon would influence the free motion of the cover. A third 
possible method for testing would be the use of an air-bearing table. The air-bearing 
table allows the cover more freedom of rotation, however it is costly and difficult to set 
up and maintain and allows free rotation in only one axis. 

A final method, and the chosen solution, presented an opportunity to take advantage 
of a resource not normally utilized for mechanism testing, the KC-135A aircraft. 
Operated by NASA Johnson Space Center, the plane allows for testing in a reduced 
gravity environment. Affectionately known as the "vomit comet," the plane allows 
testing of experiments in true three-dimensional zero or near zero gravity conditions. 

As the plane flies through parabolic arcs, the experimenters have approximately 25 
seconds of weightlessness per parabola to conduct their tests. A diagram of the 
trajectory of the plane is shown in Figure 8. Flying approximately 40 parabolas per 
day allows a reasonable amount of data to be collected in a short amount of time. 
Almost all common test equipment is available or can be brought on the plane. The 
SIRTF ejectable hinge was well suited for testing aboard the aircraft. The information 
that could be obtained from allowing the release of the cover in a weightless 
environment was far greater than on-ground testing could provide. In reviewing our 
options for testing the design, specifically the ejectable hinge, the zero-g flight was 
clearly the best method to evaluate the design and verify the concept for flight. 

Testing aboard the KC-135A Aircraft 


The KC-135A aircraft provides an opportunity for testing unlike anything you have 
experienced. The following is a summary of the process that was followed for the 
testing of the SIRTF latch and ejectable hinge. 
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Initial Contact 

Once the decision had been made to perform the testing on the KC-135A, our first step 
was to download a copy of the user's manual. This can be found at the Reduced 
Gravity Office website at http;//jsc-aircraft-ops.jsc. nasa.gov. After carefully reading the 
users manual, direct contact was made with one of the Test Directors at the Reduced 
Gravity Office. The Test Directors are responsible for scheduling and coordinating all 
the experiments, reviewing the experiments and test procedures, assisting 
experimenters on the flight, and maintaining a safe environment during the flight. 

Funding 

Because SIRTF is a NASA program, the cost for our time on the plane was billed 
directly to NASA, saving them the costs associated with having this charge passed 
through the primary contractor. For a NASA program, two days of testing cost 
approximately $4,000, for about one-third of the plane, including all support equipment 
and test personnel support. 

Training . . . 

All personnel flying must complete a FAA Third Class Aviation Physical. Any physician 
who is certified as a FAA Medical Examiner or a designated Flight Surgeon can 
perform this. We were able to find a local physician to complete our physicals. 

The second requirement for the training involved taking part in a day of physiological 
training. The physiological training prepares the experimenter on how to react in the 
event of sudden loss of cabin pressure on the KC-135A. Because the aircraft is not 
certified as a commercial aircraft, individuals have a great deal more responsibility for 
their own safety. The physiological training is normally arranged through a local Air 
Force base. The training was a full day course; the morning and early afternoon were 
spent in a classroom learning the various effects of hypoxia and other altitude 
sickness. The remainder of the afternoon involved actual chamber training where we 
were put inside a giant vacuum chamber and the pressure was reduced to correspond 
with the altitudes the plane flies. Once at the simulated altitude, we removed our 
oxygen masks and attempted to perform a number of simple written tasks until we 
began to recognize the signs of hypoxia. At this point, we were to put on our oxygen 
masks again. This was significantly more difficult than it may seem. The second part 
of the chamber training involved a rapid decompression. We were taken to a pressure 
of 8,000 feet. Then the pressure was rapidly decreased to that at approximately 
20,000 feet. The physiological training should be scheduled 3-6 months prior to your 
flight since the availability of the class is dependent on openings at the Air Force Base. 
First priority is given to military personnel and civilian openings can be few and far 
between. Copies of both the physiological training certificate and the physical were 
sent to the Physiological Training Office at least three weeks prior to flight. 

Written Documentation 

Once we scheduled the dates for our flight, it was necessary to begin generating the 
written documentation required to layout our test procedures and obtain the required 
approval from the Reduced Gravity Office. An Initial Test Request was submitted to the 
Reduced Gravity Office, which included preliminary information regarding the test 
objectives, description, and equipment, the desired schedule, and required test 
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personnel. The final documentation required by the Reduced Gravity Office was the 
Test Equipment Data Package (TEDP), which needed to be submitted at least four 
weeks prior to the scheduled flight date. The TEDP provides the Test Director with a 
complete overview of the experiment. It contains the test objectives, description, and 
equipment required, loads analysis (structural and electrical), in-flight test procedure, 
required support (photographic, ground, etc.), and a hazard analysis. 

Fixturina 

Our next step was to begin planning the fixturing. There are two types of experiments 
that can be flown. The first are ones that are bolted to the floor of the aircraft. The 
plane is set up with tie down points on 20-inch centers. Experiments can be bolted 
down using fasteners or secured to the floor with straps. The second type of 
experiment is a free floater”. These are experiments that can be completely contained 
in a package that, during the zero-g portion of the flight, is released and allowed to 
float in the aircraft cabin. Free floater experiments will work best if they are not 
constrained by any electrical cables or liquid or gas lines. The experiment and all 
equipment should be contained within the fixture. Although the free floater provides a 
truer zero-g, the float time is usually limited to 5-10 seconds before the experiment hits 
a wall. Also, you will typically require more space on the plane, which increases cost 
and could limit the flight opportunities. 

Due to the size and function of our equipment, we bolted our fixture to the supplied tie 
down grid. The fixturing installed in the plane is shown in Figure 9. Our fixturing was 
fairly lightweight but structurally sound. Care was taken to eliminate as many sharp 
corners as possible. Another important factor that was designed into our fixturing was 
adjustability. We were able to modify the release angle of the hinge during the flight to 
obtain the maximum travel of the cover simulator in the plane. 

For the cover, it was necessary to design a simulator since a solid round cover would 
create too much drag, due to air resistance. For the cover simulator we used a simple 
cross design that closely matched the inertial properties and mass of the actual cover 

Data Recording 

Data can be taken through any number of standard methods. Keep in mind however, 
trying to record data manually is difficult when you’re floating around. An excellent 
resource we found was to use standard video recorders. These provided a valuable 
method of recording the experiment. It was much easier to go back and review the 
tapes to obtain the data than to attempt to perform any measurements during the 
actual flight. Data acquisition systems are also useful. Using a laptop computer with a 
data acquisition system is probably the preferred method, although you will likely be 
required to provide some fixturing for it to be bolted to the floor. If you have multiple 
pieces of test equipment, the best bet is probably to install the equipment in a rack that 
can be bolted to the aircraft floor using the tie down pattern. 

Preflight 

Adequate space is available at the Reduced Gravity Office for test equipment buildup 
and checkout. The final safety review prior to flight was the Test Readiness Review 
(TRR). We assembled and set up our test equipment early so that it was available for 
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demonstration during the TRR. The TRR included a complete review of supporting 
analysis and documentation as well as an examination of the actual test equipment, 
an operational demonstration, and any questions that needed to be addressed. The 
TRR provided the final approval for flight, and once completed, our equipment was 
ready to be loaded onto the plane. 


On the day of our first flight, we arrived early to board the plane and complete setting 
up our experiment. We carefully checked all the connections and made sure we had 
all our equipment accessible. With our fixture and equipment set up and safely 
secured we were ready for take-off. Prior to flight, we were shown a safety video and 
qiven a short briefing by the Test Directors. After this, we boarded the aircraft and 
strapped in for take-off. The rear of the aircraft is equipped with normal seats for take- 
off and landing. Since the plane has no windows, the initial motion can be a little 
disconcerting. Once in the air however, it is not much different than a commercial 
airline When the plane reached its cruising altitude, the Test Directors gave us the OK 
to get up and move about. About twenty minutes was available while the plane flew to 
the destination airspace over the Gulf of Mexico and began the parabolas. We used 
this time to perform final checks on our hardware and fixturing, verify the operation of 
the video cameras, make sure our airsickness bags were handy, and review 
everyone’s roles during releases. 

The Test Directors will give an indication of time before the first parabola begins. As 
the plane gains momentum for the first parabola, you begin to feel pulled to the floor. 
During this portion, the g-level is 1 .5 - 2.0 g’s. It is important to remain as still as 
possible during the 2-g portion of the flight because any movement (especially of the 
head) amplifies the effect on your equilibrium and can very easily make you feel quite 
ill. At the top of the parabola, the engines throttle back, the interior lights come on, and 
your body slowly begins to float. We found it helpful to not perform any releases on the 
first couple parabolas. This allowed us to get accustomed to the feeling of 
weightlessness. After our bodies adjusted a little, we were ready to perform the actual 
releases. The latch was released, on the signal from one of the Test Directors, at the 
point where we were closest to zero-g. Once released, the cover simulator was 
allowed to freely float down the cabin. The cover simulator was then retrieved by one 
of the test technicians and floated back for reset. To limit our movement, we found it 
easiest to also perform the reset during the zero-g portions of the parabolas. 

Remember that anything you are trying to lift weighs twice as much during the 2-g 
climbs. After we became efficient at releasing and resetting the mechanisms, we were 
able to perform an adequate number of tests within a given day. On average we spent 
the first three-quarters of the flight performing the releases and the last quarter 
experiencing the joys of weightlessness. 

One of the biggest concerns for people is how a reduced gravity environment will 
affect them physically. Some people have no problem adjusting and functioning in the 
turbulent environment. Others are severely affected, which can greatly limit then- 
usefulness during testing. Personally, I had trouble on the first day of both our trips. 
Although I was not debilitated from the vomiting, it reduced my effectiveness as a test 
technician, and towards the end of the flight someone else was performing my duties. 
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Overall, I think the experience affects everyone differently and it’s hard to predict how 
you will fair. The best advice is to follow the guidelines provided by the Reduced 
Gravity Office, relax, and keep a positive attitude. Almost everyone gets sick or 
experiences some nausea so don’t let it get in the way of completing your experiment 
and enjoying the experience. 

Data Review 

During the actual releases on the plane, we only made adjustments to our fixture to 
obtain the maximum amount of travel in the cabin. We did not try and review any data 
during the flight. All cameras were kept rolling for the whole flight and then we 
reviewed the tapes once we were on the ground to see if there were any changes to 
be made. Most of the data reduction was performed once we were back at our facility. 

Results 

The main purpose of our testing was to verify the design and function of the hinge. It 
was also important for us to compare actual data from the testing with the analysis that 
was performed. The main properties that we wanted to compare were the velocity 
(angular and linear), release trajectory, and impact imparted to the spacecraft at 
release. 

Overall Function 

The initial testing revealed the hinge was unable to fully eject the cover. To 
accommodate this and still allow us to obtain some data, the Test Director requested 
the pilot perform the parabolas with some negative g force. The negative g provided 
enough additional kick to release the hinge. This problem was overcome on the 
second day of testing by switching to a stiffer spring. This second spring provided 
adequate torque to eject the cover with both springs, but was marginal with only one 
spring. Because the hinge is required to release with either torsion spring, the 
customer requested a stiffer spring be used on the flight mechanism. With this design 
change, the customer also requested we verify the new springs with an additional 
zero-g flight. During the second flight, the mechanism was tested with both flight 
springs on the first day and with a single spring on the second day. With the flight 
springs, the hinge released in both the redundant and single spring configurations and 
performed nominally in both conditions. Figure 10 shows the cover simulator after 
ejection. 

Speed 

The angular speed was measured by reviewing the videotape of the releases and 
measuring the time for the hinge to rotate through the first ninety degrees of motion. 

We were also able to estimate the linear speed after release. This was done using a 
grid that we had placed against the wall of the aircraft cabin. We estimated the linear 
speed by recording the time required for the cover to travel a certain distance. For 
both angular and linear speed, the actual values were less than predicted by the 
calculations. This was mainly contributed to the fact that the analysis assumed no 
friction where the actual mechanism had some friction due to the thrust washers The 
speeds were within 20% of the calculated value. 
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The trajectory was difficult to measure accurately due to the fact that the trajectory of 
the plane was different than that of the cover after release. Although we were not able 
to determine the exact trajectory, the grid allowed us to verify that the motion of the 
cover after release followed a fairly straight path. After reviewing the videotape, we 
concluded that the release angle was well within a 20 degree tolerance band. 


Our initial plans to measure the impact were cancelled due to the additional 
instrumentation and cost required. The analysis showed adequate margin on 
structural loads imparted by the maximum impact. 


Design Changes , .. t 

After reviewing the data and results from our first two days of testing, it was evident that 
the original springs did not provide adequate margin for release of the cover. This was 
attributed mainly to the friction present due to the thrust washers. Increasing the spring 
torque was the major design change that resulted from our experience on the KC- 
135A. With conventional test methods, this problem may not have shown up or may 
have been attributed to fixturing. Testing in a true weightless environment allowed us 
to observe the motion of the cover and the dynamics of the hinge ejection with the 
same behavior it will exhibit when released in space. The testing also allowed us to 
verify the robustness of the design. In addition to performing releases with both 
springs and the single spring, we added some additional weights at one edge of the 
cover simulator. This was done to attempt to cause the cover to roll during release by 
imparting a moment. The extensive number of releases in a wide variety of conditions 
confirmed the design was sound and progress on the flight program could begin. 


Lessons Learned 


1) Understand there will be slight perturbations in the g-level during the weightless 
portion of the parabolas. Even during the zero gravity portions of the flight, the plane 
experiences some level of slightly positive or negative gravity. The crew will be able to 
tell you when you are closest to zero gravity. At this point you may only have a few 
seconds to complete your testing. This is the most ideal time to perform your 
experiment. The slight perturbations in the gravity are important to note when 
reviewing your data and results, although they will usually not impact a successful 
experiment. For the SIRTF mechanism, we used a manual release of the latch to eject 
the Cover Simulator at the point in the parabola when a member of the flight crew 
gave us the signal that we were nearest to zero gravity. 

2) If you use the plane for any reference in your experiment, understand that the plane 
follows a different trajectory than a floating experiment. During the weightless portions 
of the parabolas, the plane is essentially in free fall along with you and your 
experiment. Anything not attached to the plane will have a slightly different trajectory 
than the plane itself. For the SIRTF mechanism, we used a grid attached to the floor of 
the plane to determine the properties of the cover ejection when we reviewed the 
videotape. Because of the different trajectories, it was difficult for us to obtain an 
accurate release angle of the Cover Simulator following ejection. 
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3) Simplify your experiment as much as possible. The best time to make adjustments 
to your experiment, perform reset, or correct any problems is during the zero gravity 
portion of the parabolas. Limit mechanism operations to easy releases. Minimize or 
eliminate data gathered by hand and rely on video or computer data acquisition. 

Avoid working with small tools or mechanism components. Unless you’re an 
experienced veteran, moving or performing any activity during the 2-g portion of the 
flight is surprisingly difficult and greatly increases your chance of sickness. During the 
testing of the SIRTF hinge, we reset the Cover Simulator into the hinge and performed 
as much of the latch reset as possible during the zero g portion of the flight. During the 
2-g portion, we sat still and waited. 

4) It is extremely beneficial to schedule at least two days of testing. Inevitably, you will 
experience some problems or want additional data after your first flight. Additionally, 
most first time flyers experience some level of motion sickness. Having the opportunity 
to fly consecutive days will allow you to iron out any bugs you encounter and get your 
body accustomed to the unique environment of the plane. 

5) The following are some basic guidelines to review to determine if a mechanism is 
appropriate for the KC-135A: 

• The mechanism needs to be the right size to function in the limited space of the 
aircraft. 

• The mechanism should not be affected by slight changes in the reduced gravity. 

• The mechanism function should be difficult to simulate on the ground. 

• The mechanism can operate within the 25 second zero-g window. 

Program Status 

At the time of this paper, the development hardware has successfully completed all 
testing: thermal vacuum testing verified successful latch operation at 40 K, low 
temperature hinge operation will be validated on the flight unit during acceptance 
testing at a system level, and the Dust Cover simulator and development unit hinge 
and latch have flown four days (160 parabolas) and were released approximately 50 
times. The flight program has started, with delivery of the flight hardware to Ball 
Aerospace scheduled by July 1999. 


Conclusions 

Compared with other types of zero-g simulations, the KC-135A aircraft is a cost 
effective, representative, and efficient way to test hardware. The aircraft allowed us to 
test our actual hardware in a true three-dimensional weightless environment that 
cannot be duplicated on the ground. Although the preparation and planning requires 
some additional considerations, the results make the effort well worthwhile. Aside 
from being an extremely valuable test laboratory, it allows mechanism designers and 
engineers to experience first hand the fun and excitement of working in zero-g. 
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Table 1 


Requirement 

Latch 

Hinge 

Operating 

Temperature 

-233 °C (40 K) to +60 °C 

-233 °C (40 K) to +60 °C 

Redundancy 

Full mechanical 
redundancy 

Redundant torsion springs 
Redundant rotating surfaces 

Easv manual reset 

Required 

Required 

Trajectory 

N/A 

135° ±15° from spacecraft X 
axis 

Mass 

0.75 kq (1.65 lb) 

0.77 kg (1.70 lb) I 

Preload 


N/A 

Torque 

N/A 


Angular Speed (based 
on maximum impact) 

N/A 

Maximum 100 
degrees/second 

Other 

Kickoff Spring required 

N/A 
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Figure 1. Artist Rendition of SIRTF Spacecraft 



Figure 2. Top Half of SIRTF Outer Shell with Dust Cover 
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Deployable 


Front 



Figure 3. Functional Diagram of Latch Assembly 



Figure 4. Latch Mechanism (shown in latched position) 
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Figure 5. Assembly Drawing of Hinge Mechanism 
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Figure 6. Three Stages of Hinge Release 
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Figure 7. SIRTF Hinge Mechanism Figure 8. KC-135A Trajectory 

(shown in latched position) 


Figure 9. Test Setup in the Aircraft 


Figure 10. Cover Simulator after Ejection 
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Abstract 

MARS’98 is the latest NASA program aimed at learning more about the ‘Red Planet’. 
It is preceded by the similar missions of Viking in 1976, and more recently, Pathfinder 
and Mars Global Surveyor (MGS) in 1996. The MARS’98 mission includes two 
spacecraft, the Mars Climate Orbiter, which launched in December of 1998, and the 
Mars Polar Lander (MPL), which launched in January of 1999. The Lander will enter 
the Martian atmosphere enclosed in a protective aeroshell (comprising a backshell 
and heatshield), and unlike Pathfinder, will fly a controlled descent to the planet’s 
surface using rocket engines once it has separated from the backshell. The precisely 
sequenced operation of the MPL Retention and Release (R&R) mechanism is 
essential to the successful separation of the Lander from the backshell, and the non- 
operation of any of the four R&R mechanisms comprising the separation system 
represents a single point failure that would end the spacecraft mission. Also, as a 
structural load path, all four R&R mechanisms must share Lander support loads in 
unison, and the failure of any one would result in catastrophic structural failure of the 
vehicle. This paper focuses on the design, development, and testing of the MPL R&R 
mechanisms and related separation systems, and lessons learned throughout this 
process. 


Introduction 

Retention and release mechanisms are among the most critical devices on any 
spacecraft; should they fail it could mean the end of a spacecraft’s mission. This paper 
describes the design, development, and testing of the MPL R&R system, which 
supports the Lander from Earth launch through Mars atmospheric entry. Following 
parachute deployment, and after the heatshield has been jettisoned, the Lander 
remains suspended from the backshell on the four R&R mechanisms. After 
descending through the Martian atmosphere, the R&R mechanisms activate to release 
the Lander from the backshell, allowing it to descend to the Martian surface. Each 
R&R mechanism features a cup and cone for reacting shear loads at the separation 
plane, and a design geometry to prevent bending of the separation bolts. Other 
significant elements of the R&R system include separation nuts, push-off springs, 
preload indicating washers, and guide tubes (Figure 2). 


’ Lockheed Martin Astronautics, Denver, CO 
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Guide tubes, needed to prevent inadvertent contact of the aeroshell with the Lander 
and its payload during separation, are an essential feature of the separation system. 
Clearances between some Lander components and the aeroshell as small as 
3 56 cm (1 .4 in), combined with three-sigma tip off rates dictated the need for 
separation guides, as did Viking. For packaging reasons we were limited to two 
guides which in order to work reliably required precise alignment to each other. To 
reduce functional risk, we built an engineering development unit (EDU) and performed 
several test separations simulating the worst-case, predicted loading conditions for the 
guide system. This paper will describe the development of the guide system, with 
special emphasis on the functional testing of the EDU. 

The separation nuts (purchased), which are an essential and critical element in the 
R&R mechanism, experienced failures during component-level qualification testing. 
These failures led us into a recovery program that included further component-level 
testing, a redesign of the nut, and eventual replacement of the originally specified burn 
wire type nuts with a pyrotechnic type design. Our separation nut experiences will be 

detailed in this paper. 

Fundamental to a separation nut functioning properly is the amount of total preload on 
the nut, and how to control that preload within allowable limits. Due to low operating 
margins for the separation nuts with critical, predicted load conditions applied, we 
made the decision to incorporate an active load sensing device into the R&R 
mechanism design. The design, development, and testing of our load indicating 

washer will be discussed. 

Finally, we will share several other related “lessons learned” from our experiences 
designing the MPL R&R mechanism. 


Description 

The MPL R&R mechanisms serve as the structural interface between the aeroshell and 
the Lander. Physically, they are located at four equally spaced locations on top of the 
Lander instrument deck (alternatively described as either the equipment or science 
deck). At two opposing locations are guide tubes and bushings (Figure 2). The upper 
part of the R&R mechanism is the bipod fitting, which spans the junction of the two 
struts, or “bipod”, that converge downward from the upper ring frame to the cup/cone 
interface plane. Also, the bipod fitting encloses the separation bolt, the load indicating 
washer, the bolt extraction spring, and the spring retainer. The bottom of the fitting, at 
the end of a barrel section, forms a truncated cone at the separation plane. In two 
locations the bipod fitting also secures the upper ends of the guide tubes. At 
separation, this fitting remains with the Aeroshell. Material selection for this part was 
7075 aluminum having a hard anodized finish, and burnished, molydisulfide lubricant 
on the cone interface surface. 
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The separation bolt, bolt extraction spring, load indicating washer, and spring retainer 
are installed inside the barrel section of the bipod fitting. The purpose of the bolt 
extraction spring is to provide a positive force on the separation bolt, guaranteeing the 
bolt is pulled beyond the separation plane, and precluding any possibility of the bolt 
‘hanging up’ in the clearance hole at the center of the cone. A crushable, honeycomb 
insert absorbs the kinetic energy of the separation bolt to prevent the bolt from 
bouncing back into the hole. 

On the top side of the instrument deck is the auxiliary flange. This flange helps to react 
moment loads in the bipod fitting by creating a force couple into the upper and lower 
face sheets of the instrument deck. Half this force couple is applied to the plane of the 
upper face sheet by the flange. Load is introduced into the flange from the barrel 
section of the bipod fitting, via the jamb nut threaded onto the bipod fitting and 
interfacing the preload collar. The other half of the force couple is reacted at the cup 
and cone interface plane, just below the bottom surface of the instrument deck. At 
separation, the jamb nut and preload collar remain with the aeroshell, and the 
auxiliary flange remains with the Lander. 

The cone at the end of the bipod fitting engages a similarly shaped cup machined into 
the enclosure separation bracket, which forms the bottom part of the R&R mechanism 
below the separation plane. The inboard and top sides of this bracket are bolted to a 
vertical panel of the equipment enclosure and the bottom surface of the instrument 
deck, respectively. Following separation, the bracket, which also serves as the 
mounting platform for the separation nut, remains with the Lander. 

A hole through the instrument deck provides a location for the kickoff spring as well as 
a pass-through for the barrel section of the bipod fitting. The spring is lock-wired to the 
enclosure separation bracket and remains with the Lander. The preload collar has 
features which allow it to be drawn down with two screws to pre-compress the kickoff 
spring prior to assembly. In this way, the kickoff spring compression force does not 
affect the installation or preloading of the separation bolt. Once the separation bolt is 
installed and preloaded, and the jamb nut is screwed down onto the preload collar to 
remove free play from the assembly, the two preload collar screws must be removed. 

The load indicating washer installed under the head of the separation bolt is used to 
monitor preload accurately. To prevent gapping of this joint during launch, Mars 
atmospheric entry, and parachute inflation, an initial preload requirement of 
approximately 17,800 N (4000 Ibf) was specified. Including safety factors and thermal 
deflections, low but positive margins of safety existed for the separation nuts, originally 
6.35mm (0.25 in) diameter burn wire type devices selected for their extremely low 
shock loading, low mass, and compactness. To reduce risk, the separation nuts were 
qualification tested to verify performance. 

To increase safety margins, an accurate method for preloading the separation bolts, 
and therefore the nuts, was required. When using wrenching torque to establish 
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preload, accepted LMA practice is to apply ± 25% error to the preload at a given 
wrench torque’, and we found even higher variability in specific development tests. 
Applying this error exceeded the allowable functional load for the separation nut. 
Thus, to reduce the preload error to be within acceptable levels, we measured actual 
bolt load using a strain gauged washer calibrated to measure compressive strain, and 
therefore preload, at a specified micro-voltage. Due to cost, availability, and 
packaging challenges, commercial, off-the-shelf, hardware was not selected, and we 
opted to design customized load washers for our R&R mechanism. More time will be 
devoted to our experiences with the load indicating washer later in this paper. 


Two guide tubes (2.54 cm (1 in) outside diameter, 2.03 cm (0.8 in) inside diameter, 
and 34.63-cm (13.64 in) long) are supported by opposing bipod fittings. The tubes are 
made from 7075 aluminum, with an outside surface having a hard anodized finish, and 
burnished with a dry lubricant of molydisulfide powder. The mating part is a flanged 
bushing mounted in the instrument deck. The mount for this bushing has a slip fit to 
allow for thermal expansion, and is adjustable to facilitate alignment. The bushing is 
also made from 7075 aluminum, with an internal mating surface finished and 
lubricated the same as the tube. 

Precise alignment of the guide tubes is critical for them to properly function, and a tool 
was constructed to align the four enclosure separation fittings using the cup and cone 
interface as a datum. This tool was optically located to the spacecraft from datum 
planes on the instrument deck (specified to be flat to within 0.76 mm), which are 
themselves established using construction holes included in the spacecraft structure. 
Next, the enclosure separation fittings were temporarily bolted to the tool, and feeler 
gauges were used to measure gaps between the fittings and the instrument deck. In 
this way the thickness for shims, where required, were determined. Peel type shims 
were used, and tapered if necessary. Once the fittings had been located on and 
fastened to the structure with the appropriate shims installed, an accurate, planar 
datum was established from which the remaining R&R components could be 
assembled. 

The guide tubes were optically aligned to each other for parallelism, with adjustments 
made by shimming between the tubes and their mounting bores in the bipod fittings. 
These shims were bonded in place and the tubes pinned to the fittings. Using this 
method, we obtained parallelism of the guide tubes within 0.25 mm. Nominal 
clearance between the guide tube and bushing was 0.25 mm. 


* Preload is calculated using the formula, T = KPD, where T is the wrench torque, K is the total friction factor for 
the threaded connection, P is the preload, and D is the nominal thread diameter. 
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Separation Nut Experiences 


Our initial selection for separation nuts (sep-nuts) was an off-the-shelf, 6.35-mm 
diameter, burn wire type, with a published functional load rating of 22.240N (5000 Ibf) 
at a minimum temperature of -100 degrees C. We have successfully flown these sep- 
nuts on Mars Global Surveyor with preloads up to 8900N (2000 Ibf). Aware that we 
would not be able to enjoy the relatively high safety margins of the MGS sep-nut 
applications, our real comfort level for the MPL R&R design would come from 
demonstrated performance during a rigorous testing program. 

Unfortunately, the combination of high preload and low temperature proved difficult to 
accommodate with the sep-nuts selected. Despite, published performance data, 
failures occurred during the vendor’s qualification tests, and our own EDU tests, at 
high preloads and/or cold temperatures. We would later discover that the vendor had 
never tested their hardware to these extreme requirements simultaneously, and the 
reliability, and in fact the suitability of the devices for our extreme application was put 
into doubt. At the then current stage of the development program, modifying the R&R 
design to use larger diameter, higher strength nuts was not an available option, and 
significant effort was required to understand, and remedy the problems with the 
6.35-mm size sep-nut. 

Our first indication that there might be a problem came during the installation and 
torqueing of the separation bolts prior to guide rail separation testing. Using our load 
indicating washers to monitor preload, a target preload of 18,680N (4200 Ibf) at each 
R&R location would be attained by torqueing the sep-bolts until a predetermined 
micro-voltage output (unique for each of the four washers) was measured. As a feel- 
good check we expected to apply approximately 21 .7 N-m (16 ft-lbf) of torque to attain 
target preload in the sep-bolts, using a standard formula for deriving preload from 
wrenching torque. One of the bolts required 29.8 to 33.9 N-m of torque to achieve the 
target preload, based on the load washer output. Concerned that this was an 
unacceptably high torque value, the bolt was removed, cleaned, and re-installed, with 
the same torque being produced. 

At this point, we were trying to maintain an earlier design decision, made to improve 
cold temperature performance, that there be no wet lubrication of the sep-bolts (the 
sep-nut threads were dry film lubricated). Recognizing that coefficients of friction in 
threaded connections can vary considerably we reasoned that it was acceptable to 
continue the test with the higher torqued sep-bolt installed as is. The first guide rail 
separation test failed when three of the four sep-nuts released, but the higher torqued 
one did not. 


For the following attempt, we replaced our flight-like MP35N separation bolts with 
commercial, high-strength, steel alloy bolts, hoping this would reduce friction in the 
threads. To further reduce friction, we used Braycote grease on the bolt threads 
reasoning that this was primarily a test of the guide rails and not the separation nuts, 
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and that the test would be performed at or near room temperature. This decision was 
supported by test data describing the relationship of torque versus preload for various 
combinations of the two bolt materials and lubricated and non-lubricated threads. We 
speculated that the primary reason for the failure was excessive friction between the 
bolt threads and the nut segments. 

For the next several tests, the sep-nuts performed nominally and installation torques 
were coming in below 21 .7 N-m. After each test, the bolt threads were inspected for 
damage and the sep-nuts were refurbished, which did not include replacement of the 
threaded segments. Subsequently, another installation torque above 27.1 N-m was 
seen for a sep-nut at target preload, and this sep-nut failed to separate. Substituting 
new, freshly lubricated bolts allowed us to eventually finish guide rail separation 
testing, although by then we suspected the nut segments were getting worn. The sep- 
nut vendor advertised up to five refurbishments without degradation of performance, 
after which replacement of the unit was recommended. 

A short time after the guide rail separation tests were completed, the sep-nut vendor 
experienced failures during qualification testing at combined high preload and cold 
temperature conditions; specifically, 20,017 N {4500 Ibf) preload at -100 degrees C. 

We were surprised with these failures, as the applied load and temperature conditions 
were clearly within the published functional limits for this sep-nut design. Our initial 
inquiries during the failure analysis established that the vendor had not in fact tested 
this particular sep-nut design to the simultaneous load and temperature extremes for 
which they were rated. These failures, and the new information vis-a-vis the lack of 
tested performance data forced us to request the vendor to investigate the reason for 
the failures and come up with a workable solution. 

Figure 3 shows a cross section of the burn wire type separation nut used in the MPL 
R&R. The basic design incorporates three 120° nut segments held in place by a 
sliding sleeve. A preloaded compression spring surrounds the sleeve, which is in turn 
restrained by an assembly consisting of a rocker plate balanced on a fulcrum and 
stabilized by two guided pins. Each pin is held in position by a spool assembly, 
consisting of split halves wrapped together with a tightly wound spring, which is 
restrained by a thin-gauge wire. When this wire is melted by an electrical current, the 
spring unwraps, allowing the spool halves to expand and the pin to displace upward - 
hence the name “bum wire”. If either spool expands and the pin stabilizing the rocker 
arm moves, the rocker, no longer in equilibrium, rotates on the fulcrum and out of the 
way, releasing the axial constraint on the sleeve. Two pins provide the required 
functional redundancy. The spring surrounding the sleeve expands, translating the 
sleeve axially, freeing the nut segments to move radially apart and release the sep- 
bolt. Failures can occur during refurbishing if the pins are bent or improperly aligned, 
and subsequently jam when attempting to displace. Preventing this situation is 
accomplished by X-ray NDI, or pin insertion measurement, procedures performed on 
flight units as part of normal quality inspection. 
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A significant, adverse design behavior was discovered, which does not manifest itself 
until the sep-nut is highly preloaded, subjected to low temperatures, or a combination 
of the two. The sleeve material is aluminum, which has a high coefficient of thermal 
expansion relative to the stainless steel nut segments and pins. When the 
temperature is low enough, the radial shrinkage of the sleeve can be sufficient to 
cause binding against the nut segments and pins. Under this condition, the 
compression force in the retraction spring is only marginally able to overcome friction 
forces between the sleeve, and the pins and nut segments. However, this did not 
explain the failures experienced during guide rail separation tests, performed under 
standard temperature conditions. A subsequent stress analysis revealed that the 
sleeve’s radial deformation under high bolt preloads was great enough to cause the 
same sort of binding, even at higher temperatures. 

Changing the sleeve material to Titanium solved both known sep-nut failure 
mechanisms: the coefficient of thermal expansion was reduced, and the modulus of 
elasticity was increased, both contributing to decrease the amount of radial 
deformation of the sleeve at low temperature and high preload. This change, plus a 
dry lubricant coating applied to the pins, was incorporated in a new version of the sep- 
nut, and no subsequent failures occurred with the improved design. Nonetheless, 
because of the earlier test failures, our new understanding of the shortcomings of the 
design for our application, and the fact that the revised design -- while an apparent 
improvement — had no flight heritage, our confidence in this device was cast 
permanently into doubt. 

Change of the Design to Incorporate Pyrotechnically Initiated 

Separation Bolts 

Because we had experienced the aforementioned test failures, and because the R&R 
mechanisms were so critical to the success of the mission, we decided to replace the 
bum wire type sep-nuts with pyrotechnically initiated (pyro) nuts. We had tested pyro 
devices extensively during past flight hardware programs, and had never had a failure 
under many conditions that enveloped our current load and temperature requirements. 
Additionally, the pyro devices afforded some enhancements over the burn wire type 
devices. Their release time is much quicker; two milliseconds compared to twenty 
milliseconds, and their design is simpler, with fewer moving parts. Vitally important 
was that the pyro units were interchangeable, both mechanically and electrically with 
the bum wire type units. 


We knew, however, that the pyro devices would produce substantially more shock 
acceleration than burn wire d evices. At our request, the vendor attempted to reduce 
shock acceleration by revising the design to add a crushable, honeycomb block inside 
the sep-nut housing to absorb the kinetic energy of an internal stroking piston that 
displaced upon firing the nut. We were optimistic that the peak shock acceleration 
produced from this revised design would be below the maximum allowed levels. 
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The vendor shipped us a few pre-production, “low shock” units that we used to perform 
shock characterization tests on the Lander EDU. Much to our disappointment, the 
shock accelerations remained at the same high levels as the previous units we had 
tested that did not incorporate any shock attenuation design modifications. The 
vendor quickly sent us another two units with higher density honeycomb inserts, but 
these also produced about the same results. It appeared that a longer stroke for the 
piston could solve the problem, though that solution was not possible to incorporate in 

the time available. 

The eventual solution came from shock-isolating the sep-nut from the structure. We 
reasoned that upon firing the internal piston slammed into the housing, transmitting 
shock into the mounting structure through the two mounting screws. If compliance 
between the housing and the fasteners could be introduced, the shock levels should 
be attenuated. Different materials were considered to be sandwiched between the 
mounting fastener washers and the mounting flange of the nut. We selected a 
compressed metal-wire spacer, approximately 6.65-mm thick, that was commercially 
available. These were installed, and the mounting fasteners tightened just enough to 
remove free play. After the nut was fired, the spacer compressed about 0.25 mm, and 
the shock levels dropped by a factor of three — more than adequate. 

Load Washer Design, Testing, and Calibration. 

As previously discussed, load indicating washers of our own design were used in the 
R&R mechanism to address a variety of considerations including accurate preloading 
of the sep-bolts, low cost, tight packaging, and availability of off-the-shelf hardware. 
Load washers, when designed and fabricated properly, can indicate load with 
extremely good precision, and standard errors of one per cent or less have been 
achieved. When applied correctly in a design, load washers can provide an excellent 
means for monitoring the preload in a bolted connection. The basic design is simple 
to understand, giving the analyst and design engineer a high level of confidence that 
“the load you see is the load you have.” 

In a correct application, load will be applied to a load washer uniformly across one 
face, and reacted uniformly across the opposite face. Furthermore, the ratio of bolt 
hole'diameter to outside diameter must be sufficient to guarantee that there is no 
bending, and that a pure compression stress exists at the outer surface of the washer. 
Careful fabrication of the load washer to assure parallelism of the two faces, 
perpendicularity of the load axis and outer surface to the faces, and concentricity of the 
bolt hole and outer diameter, is essential if the device is to perform with good 
precision. The compact shape of the load washer is ideal for use with biaxial strain 
gages, arranged in a Wheatstone Bridge, to measure axial strain when the load 
washer is in compression, as it is loaded when the bolt is torqued to maintain a 
positive preload in tension. 
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The load indicating washers used in the MPL R&R mechanisms are housed inside the 
barrel sections of the bipod fittings, necessitating a compact size. The MPL R&R 
mechanism load indicating washers have a 13.46-mm outside diameter, a 6.6-mm 
inside diameter, and are 6.81 -mm high. Under the anticipated preload required, the 
material for the washers would have to possess a high compressive strength and 
titanium was selected. 

The load indicating washers were easily calibrated by applying a known compression 
force, and relating it to the resulting micro-voltage in the bridge circuit. In an MTS 
machine, compression force was applied to a bolt head, similar to the flight bolts, 
inserted through the bolt hole of the load indicating washer. A beveled washer and a 
flat washer were stacked between the bolt head and the top surface of the load 
indicating washer . The load indicating washer was supported on a fixture that 
provided a uniform reaction surface. 


Development Testing 

Nearly everyone on the program agreed the two guide rail approach was a risky 
design. Risky because it is hard to control alignment and tolerances both from a 
manufacturing, and an assembly standpoint. Risky also because two cantilevered 
guide rails tend to bind when loaded by the bending moments that these guides 
certainly would be subjected to. Because of these risks, and because we could not 
solely rely on dynamic analysis to simulate real conditions, we decided to do a series 
of separation tests on flight like hardware to simulate worst case separation conditions. 

There are basically three methods of testing separation systems like ours: 

1) Drop the spacecraft from an aircraft, deploy a parachute, and fire the separation 

nuts. r 

2) Suspend the spacecraft from a tether, fire the separation nuts, and allow the lander 
to fall into a well cushioned receiver. 

3) Anchor the lander to ground, fire the sep nuts, and pull the Aeroshell upward. 

Dropping the spacecraft from an aircraft seemed like the most realistic approach but 
when you consider Mars gravity is only 3/8 of Earths’ and hardware destruction seems 
inevitable, the test quickly becomes impractical. Our re-entry conditions were bounds 
not precise conditions and we needed to run several cases. 


Suspending the vehicle from a tether seemed like a viable alternative, but would 
require downward force greater than gravity to simulate parachute “snatch” loads 
Also, we couldn’t conceive of a good method to catch the lander without damage. 


The third approach is the one we finally implemented. The lander EDU was solidly 
grounded. The actual parachute bridal was used to pull on a mass simulator 
representmg the Aeroshell. Snatch loads were provided by a bank of negator sprinqs 
attached to an overhead frame that could be translated to change vectors of the 
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applied force (Figure 4). The springs were preloaded with a come-a-long and cable. 
When the separation nuts were fired, the Aeroshell simulator and guides were pulled 
abruptly upward away from the lander and quickly arrested with bungee cords. Any 
tendency for rebound from the spring system was squelched with a one way clutch. 

The kinematics of this arrangement is reversed from the actual separation but, most 
importantly, the loading conditions can be made to duplicate those from the analytical 

model. 

Several load cases were tried. The simulator was pulled in plane, out of plane, at 
angles and with heat applied. The worst case loading for the guide rails was pulling 
at a six degree angle with a heated backshell ring. The guide rails suffered some 
surface damage in the testing but never failed functionally. After each test the guides 
were inspected, polished, and re-lubed. Despite exhibiting wild deflections, especially 
during the last couple inches of travel, the guides suffered no permanent deformation. 
The tests were conducted with strategically placed strain gauges and accelerometers, 
and were recorded on high-speed video. 

The test data was compared to loading predicted by analysis. Higher than predicted 
loading was attributed to uneven distribution of tension in the parachute bridal. This 
caused an additional moment to be added to the guide rails that also raised the drag 
loading. One guide always pulled free of the lander before the other, resulting in 
extremely high moments in the remaining guide for the final bit of separation. In the 
video, this can be seen by an extreme bending of the guide and a violent snapping as 
the guide pulled free. 

The outcome of the testing vindicated the guide rail design and even though they did 
not escape unscathed, they never failed to perform their intended function. 

Lessons Learned 

Torque versus preload is widely used in many machine design applications with 
success. Our experiences demonstrate that if accurate preloads are required, an 
alternate method is recommended. Throughout all of our testing, we observed torque 
readings varying by as much as 50% for the same preload. Variables such as 
materials, surface finish, temperature, humidity, and lubrication all affect friction and 
therefore torque. Controlling all of these factors is difficult if not impossible. 

Using a strain indicating device to monitor preload can produce good results, in our 
case ±5% or better. The configuration of this device should be kept as simple as 
possible; a cylinder works well, a cup does not. The device should be precisely 
machined with parallel interface surfaces. When calibrating the device against a 
known load, it should be cycled several times to demonstrate repeatability. Conditions 
when calibrating and when installing the device should be controlled. We strongly 
recommend producing and calibrating more parts than required and selecting those 
that are the most linear and accurate for use. 
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Whenever possible, a dynamic test of retention and release mechanisms should be 
performed, duplicating predicted flight conditions. Testing becomes more critical when 
the mechanism has an added complication such as guides. 

Verify that a vendors’ qualification testing has enveloped the environmental and 
loading conditions which your application requires. Don’t necessarily believe 
published capabilities for an “of the shelf” component. 




Figure 1. Overall Vehicle Configuration 
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Mobility Sub-System for the Exploration Technology Rover 
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Abstract 

A new six-wheeled robotic roving vehicle was developed for NASA’s Exploration 
Technology (ET) program. The rover which is called the Field, Integrated, Design, and 
Operations (FIDO) rover is being used for advanced technology development [1]. In 
addition, copies of FIDO’s Mobility Sub-System (MSS) are being used for software 
development in several NASA projects, including the prototype for the flight Athena 
Rover of the Mars Sample Return (MSR) 2003 mission. The focus of this paper is the 
work done on the MSS, specifically the development and test of the wheel drive 
actuators, which are fundamental to vehicle mobility. 


Introduction 

The Exploration Technology Rover (ET Rover) project developed a vehicle for multi- 
kilometer desert field operations in anticipation of the next suite of Mars missions [2]. 
FIDO represents the next step in the evolution of planetary rovers after the Sojourner 
rover of the Mars Pathfinder mission [3], The next generation rover is envisioned as a 
highly autonomous and long range mobile science and sample collection system. This 
paper describes the design, assembly, and test of the essential mechanical, structural, 
and mobility aspects of the FIDO rover contained in the MSS and shown in Figure 1. 

FIDO is an independently servoed six-wheel drive, six-wheel steered vehicle. The MSS 
is the mechanical and structural hardware that is associated with the FIDO rovers 
frame, suspension, actuation and running gear. Specifically, the MSS is comprised of 
four major assemblies: a left and right rocker-bogie suspension, a chassis or frame, and 
the solar-power structural assembly called the "Strongback". The rocker-bogie 
suspension is a scaled-up Mars Pathfinder Sojourner rover design [4]. The rocker- 
bogies connect to the main body or chassis of the rover via a geared internal differential 
through two structural members called the Jeff tubes. The chassis serves the same 
roles for FIDO, except thermal isolation, that the Warm Electronics Box (WEB) 
performed for the Sojourner rover [5]. Affixed to the top of the chassis is the 
Strongback, which is a stiff, strong and light-weight structure for the mounting of solar 
cells, as well as engineering and science payload items. Additional copies of the ET 
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Rover MSS are also being fabricated for other technology development efforts. 
Software development for the Athena rover of the MSR 2003 flight project will be 
completed utilizing an MSS and several R&D rovers at various universities and NASA 
centers will be built around an MSS base. 


Project Goals and Requirements 

The level t goal of the ET Rover project was to develop and field test a flight relevant 
rover for multi-kilometer science and sampling sorties in the Mojave Desert of California 
within 16 months of project conception. Also, a goal was accepted to facilitate other 
advanced technology projects, as well as the MSR flight project by providing the initial 
rover MSS for their control algorithm and software development efforts. The delivery to 
the MSR flight project became the basis for the Software Development Model (SDM) 
rover. Design drivers were taken from flight and technology sources and a best fit was 
achieved that allowed FIDO to be baselined as the flight project’s "breadboard", or 
prototype, rover. 

The ET project’s schedule constraints required that the mechanical system be 
designed, fabricated, and assembled within 8 months of project funding. The goal that 
the rover would be flight relevant, without a complete definition of the flight projects 
mission architecture was in keeping with NASA’s faster, better, cheaper paradigm. 

Many assumptions about the directions in which the flight rover design was or would be 
going were elevated to requirements for the MSS design effort. 

The basic vehicle kinematics was taken as an extension of the Sojourner flight rover, 
which provided heritage by its mobile functionality on Mars. The Sojourner mechanical 
system was scaled up in size to increase the available payload capability for science 
and rock sampling, as well as to increase the vehicle’s mobility in the hazardous 
environment of sandy, hilly, rock-strewn fields [6]. The MSS was scaled in size to 
Sojourner by increasing the wheel diameter and similarly scaling all of the rocker-bogie 
suspension parameters. The rest of the requirements that were accepted from the 
Athena Rover included: 

(1) The use of permanent-magnet brushed D.C. motors with integral quadrature 
encoding, based on Honeywell IR emitter-detector pairs, as well as integral and passive 
magnetic detent brakes [7], 

(2) Thrust force capability from each wheel drive at motor stall equal to 1/2 the 
vehicle’s projected weight. The vehicle speed should be more then 6 cm/sec. Because 
of a lack of understanding of the torque and speed requirements for steering, the 
steering drive design is similar to that of the wheel drive. 
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(3) A scaled up Sojourner style rocker-bogie was utilized on all kinematic or geometric 
parameters of the rocker-bogie suspension. The chassis was sized to be identical in 
internal volume to an early conceptual flight Athena Rover WEB at the time of 
"requirements freeze" for the MSS. 

(4) An additional sensing requirement was placed on the rocker-bogie suspension 
for utilizing flight-like potentiometers in the steering drives, in addition to the quadrature 
encoding detent devices, as well as in the bogies and the rocker arms of the 
suspension. 


MSS Design 

The MSS consists of four major assemblies: the left and right rocker-bogie 
suspensions, the chassis, and the Strongback. Figure 2 shows the MSS with two 
payload elements, a stowed mast and deployed instrument arm, attached to the 
Strongback. The rover’s wheelbase and track form a square footprint. The external 
cylindrical surface of each wheel is the 'tire' and is threaded for the fastening of cleats 
and spikes for traction in both soft and hard terrain. 

The rocker-bogies provide a passive suspension with three degrees-of-freedom (dof). 
The first two dofs are the free rotation of each bogie about its pivot to the rocker arm. 
This rotation is measured by a potentiometer inside the pivot housing. The two rocker 
arms are connected on either side of the chassis to the Jeff tubes, which are used to 
connect the rocker arms to the internally geared differential inside the bottom of the 
chassis. Therefore, between the left and right rocker arms there is only a single dof, 
which is a rotation measured at the differential by a gear-reduced potentiometer. The 
full range rotation of the rocker arms is also limited by the use of a hardstop on the 
underside of the Strongback. 

There are three wheel drive and steering assemblies on each rocker-bogie suspension 
assembly. The major features of the wheel drive gear train include the motor, gearing, 
and bearings. Figure 3 shows a cross section view of the wheel drive and steering 
assembly. The motors used are Maxon D.C. motors using Neodymium Iron Boron 
(NdFeB) magnets and graphite brushes. Attached to the motor is an integral single 
stage planetary gearhead. 

The output shaft of the motor and planetary gearhead is connected to a spur gear 
pinion. The spur gear pinion is a pin hub style with 64 pitch. The spur gear pinion turns 
the hubless spur gear. 

A drive shaft connects the output of the spur gear to the input of the harmonic drive by 
HD Systems. The input of the harmonic drive is a standard oldham coupling 
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configuration to comply to small shaft misalignment. One of the oldham coupling pieces 
is modified to shorten its length and to expansion fit the drive shaft into it. There is also 
a clamping plate, which slip fits, by way of two alignment pins, to the flexspline. These 
pins provide an interface to the output of the harmonic drive. The drive shaft is 
supported inside the harmonic drive by the clamping plate and by the structure of the 
drive housing using small flanged ABEC-7 ball bearings. 

The inner part of the wheel interfaces to the outside of the drive housing by two Kaydon 
Reali-Slim ball bearings. One of the bearings is a C-type (or radial contact) bearing 
with a seal on one side. The races and balls are lubricated with a general purpose 
grease. The balls are coated with Endurakote, a special corrosion-resistant coating 
provided by Kaydon, which together with the seal, protects the bearing from dirt and 
sand during rover operations. The second bearing is an X-type (or four-point contact) 
bearing. The races and balls are lubricated with a general purpose grease. There is no 
seal on this bearing as it is fully contained within the drive housing and wheel 
structures. 

The wheel drive assembly is connected to the steering assembly with a wheel strut, as 
shown in Figure 3. The wheel strut is a bonded and riveted assembly of three square 
tubes. The top and bottom tubes are 90 deg bends and the middle section is a straight 
tube. The wheel strut assembly is in turn bonded and riveted to the wheel drive 
housing and steering hub of the steering assembly. 

For lack of better clarity on torque and speed needs for the steering functions, the 
design of the steering actuators is similar to the wheel drives. The steering drives use 
the same Maxon motor gearhead combination and harmonic drive component set as 
used in the wheel drives. One major change in the steering gear train is the use of a 
90 deg bevel gear set instead of the spur gears as used in the wheel drive gear train. 


Another difference is that the steering assembly uses smaller Kaydon bearings to 
interface between the steering housing and steering hub. The bearings are A-type (or 
angular contact) bearings. The races and balls are lubricated with a general purpose 
grease. They are mounted as pairs in a back-to-back configuration. These bearings 
have no seals on them. To prevent contamination of the one exposed bearing, a spring 
energized Teflon seal, manufactured by Bal-Seal, was used in between the steering 
housing and steering hub. The seal is a housing-mounted flanged rotary seal. The seal 
is energized with an internal canted-coil spring. The seal material was chosen for its 
excellent wear resistance and low friction. The last significant design difference 
inbetween the steering assembly and the drive assembly is the use of a potentiometer. 
The precision potentiometer is made by Bl Technologies. 

Each motor in the wheel drive and steering assemblies includes a detent encoder 
device (DED). The DED uses magnet pairs as the passive detent brakes. The encoder 
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consists of a GaAs IR emitting diode and a silicon phototransistor. In each DED 
assembly two emitter/detector pairs are used to provide quadrature. 


Testing and Results 


After assembly of the MSS, the mechanical team delivered the vehicle for integration 
with the electronics, sensors, and payload. Once the integration phase was completed 
the next step in the project was to begin software development and test. The extremely 
tight project schedule for the ET Rover task precluded highly desired mobility testing at 
the MSS stage of assembly and integration. Therefore, a series of tests was done on 
the fully integrated and functional FIDO vehicle in late January 1999. 

The plan centered on testing of the wheel drive actuators under various mobility-related 
loading conditions, and to test by default the overall vehicle’s capability to perform in 
rough terrain. In addition, the tests were to determine that assembly and integration 
had been performed well; this is often called a “workmanship” test. The close similarity 
of the performance of each of the six wheel drives to one another under different 
conditions would determine an “acceptable” vs. a “not acceptable” condition. For 
comparison, a single spare wheel drive assembly was also tested on the bench top by 
directly driving the dc motor from a power supply. 

The first test planned was to control all of the wheel drives on FIDO in a “freewheel", or 
unloaded, case. This was accomplished by placing the vehicle on a lab fixture that 
uses a shop jack to lift and move equipment. All of our tests used the current maximum 
setting on the vehicle speed. The second test involved driving FIDO on flat, horizontal, 
and hard ground. This test therefore radially loaded the wheel drives under the 
vehicle’s own weight. The third test involved driving FIDO up a ramp incline, thus 
adding a significant tangential self-loading to the vehicle. This test was performed on a 
high friction surface: a PVC tarp on a wooden ramp. The fourth test was an obstacle- 
climbing test performed on a large plywood base, which was placed horizontal to the 
ground. The plywood base had an attached obstacle, or “wall", of one wheel diameter 
in height. The wall was made by nailing wood “2 by 4’s” one on top of another to the 
center of the plywood base, spanning from side to side. The plywood and “2 by 4’s” 
resembled a high friction surface with a centered vertical bump, so that the vehicle had 
to climb the obstacle simultaneously first with the front wheels, followed by the middle 
wheels, and finally the back wheels. The fifth and final test was to determine the 
vehicles flotation and mobility in dry, sifted desert sand, by having the vehicle attempt to 
climb a sand dune at the sand’s angle of repose. 

After full vehicle integration was completed it was found that the original system 
definition was not achieved by the electronics. The batteries were implemented at less 
than peak capacity and after all of the voltage drops through sub-system electronics 
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were looked at, the peak voltage actually seen at the motors was found to be less. The 
result of this was to simply scale down the resulting performance expectation by the 
appropriate number of ratios. For instance, expected torque out of the motors would be 
scaled by the ratio and mechanical power out of the motors would be scaled by the 
ratio squared. 

The result of the freewheel test is shown in Figure 4, where the top graph indicates the 
current drawn by a representative wheel drive motor as a function of time, and the 
bottom graph indicates the wheel tangential speed. Because of the software control 
system developed for the rover, the commanded performance for all of the tests was a 
ramp up to a velocity profile for the cruise setting, followed by a ramp down velocity 
profile. The second test result shown in Figure 5 shows the performance of one of the 
wheels while the rover is driving on flat ground. The result for the third test is shown in 
Figure 6, where the rover was driven up a ramp, again commanded to ramp up to the 
specific velocity. The fourth test result shown for a single motor in Figure 7 , shows the 
performance of one wheel of the rover as the vehicle traverses a bump obstacle, or 
wall, completely spanning across its path. The fifth test shown in Figure 8, shows the 
current and speed as functions of time for the rover attempting to climb a sand dune, 
sifted to the angle of repose of the soil. 

After all of the vehicle tests were performed, the data collected was analyzed. Figure 9 
was generated to show the wheel drive actuators approximate performance in terms of 
the interrelationships between torque, speed, and current. The motor torque-speed- 
curve and current-speed relationships were given by the manufacturer . These specs 
were then scaled by the decrease in effective voltage at the motor windings. The three 
stages of gear reduction-were taken into account and directly scaled down the output 
speed of the actuator. The same gear reductions times their approximate spec 
efficiencies were then used to scale up the final output torque. The scaled line for the 
current axis is shown under the axis for torque, since torque is proportional to the 
current. 

The graph in Figure 9 highlights key points taken from the wheel drive tests. From 
Figure 4, the average value of the of the no-load actuator current is found, which 
represents a value of motor torque reflected through the gearing stages, but fully lost 
after the output stage. The average current drawn during the level ground driving tests 
was found in Figure 5 and used to obtain an output torque average at each of the 6 
wheels. The rated maximum continuous-power point, as reflected through the gear 
stages per the motor spec, is shown in Figure 9. By the time the torque demands are 
up to the maximum continuous rated capability, the actuator is no longer capable of 
maintaining the vehicle set point velocity. The required current draw for FIDO driving 
up an incline are found in Figure 6, with an output torque required shown in Figure 9. In 
Figure 7 the highest values of current drawn and output torque utilized are found for 
climbing the vertical wall of one wheel diameter in height. Two values are shown, an 
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average peak magnitude and a maximum peak. The maximum peak values come very 
close to reaching the stalled motor condition. In Figure 8, the demands of driving up a 
sand dune at the angle of repose of the soil, approximately, are found to vary among 
the wheels due to slip at each of the wheels to the sand and the different level of 
loading on each wheel. The most highly loaded wheels, which are in the rear of the 
vehicle, pull up to a current level for an output torque required as shown in Figure 9. 

Additional information about the ET Rover project, the FIDO rover and its development, 
as well as science related field trials can be found at the project’s Web site given in 
Reference [8], 


Conclusions 

Overall, the FIDO rover and its MSS components performed as required and met the 
project goals for vehicle mobility. This was true, even with the impact to actuator 
capability of a less than advertised power sub-system range. The intrinsic margins 
utilized in the design process saved the day. 

The project’s need to build a mechanical system in extremely short order to support the 
primary technology thrust of software and control system development places many 
demands on the mechanical design team. Decisions about the project’s nominal 
requirements must be extrapolated from very high level task descriptions and mission 
architecture, and many predictions must then be frozen into the requirements set. The 
very short schedule also diminishes the amount and depth of analyses that can be 
performed during the design stage, essentially limited to the so-called ‘back of the 
envelope’ type. Because of the typically much smaller budget than for a flight project, 
there is a reduction in the amount of resources that can be expended on fabrication 
services and procurements. The combined result is a very conservative and 
non-optimal design, based to a great extent on a combination of hardware heritage, 
cooperative knowledge, and the best intuitions of the design team. 

One difficulty encountered by the mechanical team during the testing phase was the 
inability to remove the software-control-electronics implementation out of the analysis of 
the results. The immaturity of the control software at the time of testing also made 
understanding the data very difficult. The testing results should best be seen as a 
qualification rather than quantification of the vehicle’s capability. 

The wheel drive actuators performed essentially as the design process predicted, but 
with a much larger range in the current and torque values seen at each drive than 
expected. The result was that no definitive workmanship “stamp of approval” could 
come from the simple no-load tests. The power draw and combined losses in the wheel 
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drive actuators were larger than expected, but well within the given margins for the 
design. 

The most demanding tests on the wheel drives and the vehicle are represented in the 
obstacle test and the sand dune test. The ability of the vehicle to traverse any obstacle 
in height up to the diameter of a wheel impressively met all of the rough terrain 
requirements. The vehicle’s performance on the sand dune qualified its loose or low- 
density terrain requirements. While the effective wheel slip for the case of FIDO 
traversing up a sand dune was measured to be in excess of 99%, the vehicle s flotation 
was not an issue. FIDO’s ground pressure was too high for the rover to be an efficient 
dune crawler, but the vehicle could ultimately perform the traverse even though this was 
not a goal or requirement. An effective means to traverse areas of dunes with this 
class of vehicle simply requires that navigation take the rover around rather than 
straight up such a hill. 
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Figure 1. FIDO Rover in Mars Testbed 
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Figure 3. Wheel Drive and Steering Assembly 
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Figure 4. Freewheel Motor Current (top) and Velocity (bottom) 




Figure 5. Forward on Level Ramp Motor Current (top) and Velocity (bottom) 
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30 degree Ramp, Backward Up, MotorO, Motor Current vs Time 



Figure 6. Backwards Up a 30 Degree Ramp Motor Current (top) and Velocity (bottom) 


Vertical Obstacle, Forward, Motorl , Motor Current vs Time 




Figure 7. Forward Over Vertical Obstacle Motor Current (top) and Velocity (bottom) 
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Dune Trial 3, Motor4, Motor Current vs Time 



Dune Trial 3, Motor4, Velocity vs Time 



Figure 8. Dune Trial 3 Motor Current (top) and Velocity (bottom) 
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No load speed on fill actuator 
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Figure 9. Actuator Torque-Speed-Current Relationships 
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Application of Magnetic Ball Bearings to Precision Mechanism Concepts 

Benjamin Joffe' and Robert A. Hookman* 


Abstract 


An overview of the design application of magnetic ball bearings to precision 
mechanism concepts is presented. The magnetic ball bearings are used in precision 
mechanisms that require zero backlash. Magnetic forces hold the bearings together 
and provide a controlled preload on the bearings. Design guidelines for the magnetic 
ball bearings are outlined and discussed. Several design concepts are introduced 
along with a discussion of the advantages gained with the magnetic ball bearing 
approach. The magnetic ball bearings permit extremely compact designs to be 
implemented with a minimum number of components. Many design configurations 
that combine precision motion, minimum mass and compact size are possible These 
attributes make the use of magnetic ball bearings attractive for many space 
mechanism applications. 


Introduction 


This paper will introduce approaches that utilize magnetically aligned and retained 
ball bearing systems that have zero backlash. This lightweight, compact bearing 
system applies to many precision motion devices that require transitional, rotational or 
a combination of both motions. Magnetic ball bearings consist of two hardened flat 
bearing surface rings, a set of steel balls and two magnets to hold the rings together 
(Figure 1). The ball bearings are place between the rings and the magnets hold the 
assembly together. The magnetic flux lines pass through the center of the 
ferromagnetic ball bearing to complete the magnetic field (Figure 2). This causes the 
ball bearings to self-center the balls with respect to one another. The magnetic ball 
bearing unit, as shown in Figure 1 , allows 3 degrees of freedom ( X, Y, Rz ). Magnetic 

ball bearings can be used in many configurations that require precision motion with 
zero backlash. 


Basic Principals for Magnetic Ball Bearings 

The magnetic field that is produced by a set of permanent magnets is utilized to align 
and retain ferromagnetic balls. To demonstrate this principal, we will examine an 
example that utilizes a set of infinitely long permanent magnets separated by three 
non-ferromagnetic balls (such as ceramic balls) with the same permeability as the air 
gap. In this case, the magnetic flux lines from one magnetic pole to the other are all 
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parallel as shown in Figure 3a. The non-ferromagnetic balls do not influence the 
magnetic field. The balls just separate the magnets and maintain the proper spacing. 


permanent] 
MAGNET 


HARDENED 

BEARING 

SURFACE 


STEEL BALL 
BEARING 



Figure 1 . Magnetic Ball Bearing with 
Two Permanent Magnets 
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Figure 2. Magnetic Flux Lines are 
Directed through the Ball Bearing 




With a set of ferromagnetic balls, the permeability of the balls is greater than the air 
aaD For this condition, the magnetic flux lines are deflected to pass through the balls 
since they represent a lower resistance magnetic path. This configuration minimizes 
the energy loss across the air gap; this increases the resulting force acting on the 
balls The resulting magnetic flux lines are shown in Figure 3b. The magnetic field 
interacts with the balls and they become magnetized as shown in Figure 3c. The 
individual balls behave as a permanent magnet with poles that align with the primary 
field The magnetized balls now repel one another to maintain a constant spacing 
between the balls. These interaction forces are shown in Figure 3d. 

The relationship for the interaction forces between the balls is dependent on several 
parameters such as: 

-| Magnetic permeability of ball material 

2. Volume of ball 

3 . Magnetic field strength 

4 . Ball spacing 

Refer to reference 1 for a determination of the force relationships for the specific 
geometric configuration being evaluated. The above magnetic bearing principals 
apply to both linear and radial configurations. Many designs and applications can 
utilize these magnetic bearing principles to produce advanced mechanisms The 
designs combine minimal size and minimum part count to make this concept ideal for 
many spaceborne mechanism designs. 
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Figure 3b. Primary Field Flux Lines with Ferromagnetic Balls 
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Advanced Applications 


A hiqh precision translation stage utilizes the magnetic ball bearing concept (Figure 4). 
The primary plane is guided with the use of 3 magnetic bearings and the secondary 
plane is guided using 2 additional magnetic bearings. This concept makes use of 
kinematic principles to produce a precision translation in the X direction. The 
translator can move approximately ±12 mm with extremely high precision motion. 
Translators with extended travel can also be designed utilizing similajjjrjnciples. 



Figure 4. Simple and Compact X-Axis Translation Stage with Magnetic Ball 

Bearings at 5 Locations 


Extended travel is achieved by using an alternative magnetic bearing design that only 
uses a single magnet to maintain the preload (Figure 5). This concept consists of a 
maqnet, a hardened flat bearing surface ring, a set of ball beanngs and a 
ferromagnetic plate for the bearing to travel on. This type of magnetic bearing offers 
additional design flexibility and is extremely compact. A simple slide table translator is 
shown in Figure 6; this device allows motion in X, Y with zero backlash. 

A maqnetic coupling that eliminates the lateral wobble present in a ball screw axial 
drive device is shown in Figure 7. This application utilizes the magnetic bearing 
confiquration shown in Figure 1 . One of the magnets mounts into a steel flange that is 
then attached to a moveable object. The other magnet ring mounts into a sleeve 
connected to the flange of a ball nut. The magnets are sized to ensure that the 
bearings do not unseat during operation. In this application the magnetic bearing 
concept eliminates the lateral motion, or wobble, that maybe present in the ball screw 
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Figure 6. Two Axes Translation Stage Concept 






device. Higher levels of precision translations are achieved when standard ball screw 
components are used with magnetic ball bearing couplings. __ 



Figure 7. Ball Screw Translator wit h Magnetic Ball Bearing Coupling 

Conclusions 


Magnetic ball bearings are used in precision mechanisms that require zero backlash. 
Magnetic forces hold the bearings together and provide a controlled “preload” on the 
bearings. By utilizing the basic design approach presented in this paper, there are 
many applications for precision motion that can be accomplished with the magnetic 
ball bearing approach. Several design concepts were introduced and discussed to 
show some of the advantages gained with the magnetic ball bearing approach. The 
magnetic ball bearings permit extremely compact designs to be implemented with a 
minimum number of components. Many design configurations that combine precision 
motion, minimum mass and compact size are possible. These attributes make the use 
of magnetic ball bearings attractive for many space mechanism applications. 
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Cartridge Bearing System for Space Applications 

Edward P. Kingsbury , Robert A. Hanson", William R. Jones\ and Terry W. Mohr* 4 


Abstract 

Conventional spin axis ball bearings have been unreliable in spacecraft, often failing 
by two heretofore uncontrolled processes: ball retainer instability and lubricant 
breakdown. The Space Cartridge Bearing System (SCBS) addresses each of these 
mechanisms directly, leading to a bearing system with absolute freedom from retainer 
instability and negligible lubricant degradation rate. The result is a reliable plug-in 
bearing cartridge with a definite design life. 

Background 

A primary requirement for a space mechanism is reliability, since maintenance is 
generally impossible and failure at least very expensive. Nowhere is reliability more 
important, but less certain, than in the bearings that support momentum management 
gyroscopes. These are high quality ball bearings loaded so lightly that a classical 
fatigue failure has never been reported. Even so, there is an extensive history of 
compromised and failed space missions, going back at least to Skylab, attributable to 
malfunctioning spin axis ball bearings. Two strategies have evolved to increase 
reliability: run extensive screening tests to pick out a few bearings that (hopefully) will 
be suitable for space, and fly redundant backup wheels. Neither expedient is 
satisfactory. 

Analysis of failed bearings has revealed poor design, poor heat treatment, bad 
geometry, damage from assembly and handling, dirt, chemical contamination, bad 
lubricant, rust, wrong or no preload, among other things. But even when all such 
issues have been successfully addressed, two uncontrolled failure modes remain. 
These are retainer instability and lubricant breakdown. A draft NASA report [1] 
summarizes some experience in space with these failures. In this paper, we describe 
a Space Cartridge Bearing System where all failure modes are controlled. 

Retainer Instability 

Well before Sputnik, cage instabilities in missile guidance systems were of great 
concern. Large step increases in driving torque, accompanied by a very loud noise, 
came and went at random. Eventually the problem was connected with a very high 
frequency solid body whirl of the cage, friction driven by the balls, and similar to dry 
friction whirl in a journal bearing [2]. Retainer location in a conventional ball bearing is 
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very loosely controlled; there are large clearances on both balls and races, and the 
whirl motion was within these clearances. Today, in spite of much theoretical and 
experimental work [e.g. 3, 4], random incidence cage instability still occurs. It was 
pointed out in 1979 [5] that all retainer problems vanish if the cage is eliminated. The 
SCBS has no ball retainers, allowing an unconditional guarantee that there will be no 
retainer related bearing failures in these units. 

Lubricant Breakdown 

Spin axis bearings run in the elasto hydrodynamic lubrication (EHL) regime, where a 
complete film of lubricant separates balls and races. Lubricant breakdown failure 
occurs when the original liquid lubricant is chemically changed to solid friction 
polymer. It has been shown [6] that the rate of lubricant polymerization is determined 
by the thickness of the EHL film, large for thin films, negligible for sufficiently thick films. 
Figure 1 shows a thick friction polymer film built up under a thin oil film (A), and a 
negligible film built up later under a thick oil film (B) on the same race, which has had 
the A film removed. Since oil film thickness is uncontrollable in a conventional 
(retainered) bearing, lubricant breakdown failures occur when the film happens to be 
too thin. 

The SCBS contains an oozing flow lubricator. It is designed (using Parched Elasto 
Hydrodynamic Lubrication (PEHL) theory [7]), to maintain a definite “thick” oil film on 
the races so that friction polymer formation rate is kept negligible over a definite design 
life, to be measured in years. 

The Space Bearing Cartridge 

Figure 2 shows the principal features of a SCBS designed for outer race rotation (an 
inner race rotation arrangement is also possible). Two retainerless ball bearings are 
loaded against each other. A lubricant reservoir integral with the outer race spacer 
rotates at wheel speed in service. Oil is metered by the oozing flow interface, driven 
by the centrifugal head in the reservoir. Rate is controlled by contact parameters in the 
interface, and set equal to the rate at which oil is lost from the PEHL contacts. In 
principle the PEHL loss rate and equilibrium film thickness can be calculated [8, 9]. 
However some of the material properties involved are not well established, and it is 
more convenient to set the inflow rate and PEHL thickness experimentally [10]. The 
reservoir volume and flow rate together determines the design life of the SCBS. 

Ball Ball Load Carrying Capacity 

Ball ball contact must occur in retainerless spin axis bearings under the radial loads 
generated by slew maneuvers. This is held by many experts to be fatal for retainerless 
operation since EHL theory says that there is no load carrying capacity at a counter 
rotating ball ball contact. The experimental fact is that there is a large radial load 
carrying capacity in retainerless ball bearings. As an example, Figure 3 shows four 
305 size bearings mounted on an Instron™ press whose quill loads the middle pair 
against the outboard pair as shown in Figure 4. The driving motor was mounted on a 
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reaction table to get driving torque, since the bearing expert involved in this particular 
problem was certain that large torques would occur under radial load. 

Tests were run (a) with retainers in all bearings, (b) retainers in only the outboard 
bearings, and (c), retainers in none of the bearings. Speed was 6000 rpm, under 
radial loads ranging from 2224 N to 8896 N. Each load step was 2224 N, lasting for 10 
minutes. Two pairs (4 bearings) of retainerless bearings were used in this experiment. 
One pair went through the load cycle twice (a total of 20 minutes at each load), while 
the other pair went through once (10 minutes at each load). Post-test examination 
showed no damage to any ball in these bearings. The torque measured in the 
retainerless configurations was equal to or less than that measured with conventional 
bearings under the same loads, as shown in Figure 5. Figure 5 also shows that the 
torques were generally less than an envelope previously measured for the large 
Control Moment Gyro Wheel whose bearing problems had triggered this particular 
investigation. The CMG used conventional 305 bearings and had been subjected to 
service slew rates in ground tests. Other experimental evidence for large ball-ball load 
carrying capacity in retainerless bearings is available [11, 12, 13, 14]. 

Specific SCBS Advantages over Conventional Practice 

• No retainer instability 

• Negligible lubricant breakdown rate 

• No oozing flow wheel off, unlimited shelf life 

• Custom internal geometry for least residual ball group unbalance 

• Definite design life tailored for specific applications 

• Bolt in cartridge assembly installed by wheel manufacturer 

• All bearing handling done at bearing manufacturer 

• Lubrication rates set and certified at bearing manufacturer 

• Preload set at bearing manufacturer 

• Oozing flow lubricator characteristics completely analyzed, tailored 
for specific applications 


Life Tests 

The Space Bearing Cartridge concept was developed at C S Draper Laboratory over 
about 20 years with IR&D and some external support. Four different designs were run 
successfully, some for years, without problems', total accumulated life exceeding 

150.000 hours. In particular, two units built with 440C balls each ran for more than 

24.000 hours (12,000 rpm) at Draper [9]. A similar unit using SiN balls ran at NASA- 
Lewis for 10,000 trouble free hours [15]. Presently this same cartridge is running at 
Lewis using Chemical Vapor Deposition TiC coated balls, supporting a composite 
flywheel. 
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Conclusions and Present Status 


Cartridge retainerless bearings using oozing flow lubricators work. TBC LLP has 

partnered with MPB/Timken for commercial development of Space Cartridge Bearing 

Systems, funded by a Small Business Innovative Research grant through NASA- 

Lewis. Cartridges are currently available. 
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Figure 1 (a). Polymer Track: thin PEHL film Figure 1 (b). Polymer Track: thick PEHL film 



Figure 2. Space cartridge bearing system 



Figure 3. Photograph of radial load test fixture 
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RADIAL LOAD 



Figure 4. Schematic of radial load test fixture 


TORQUE INCREASE vs RAOAL LOAD 
? mb tran bums «r anon 
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Figure 5. Torque increase with radial loads for CMG bearings. Comparing 
retainerless bearings with conventional bearings with retainers 
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Optical Scanner Utilizing Brushless DC Motor 


Ronald Dufel* and Ian Withalh , 

5/3. ~ B 7 


Abstract 

The Motion Control Division of Axsys Technologies was contracted by ITT Aerospace 
to design and build a new Optical Scanner / Control Electronics to be used in their 
Advanced Very High Resolution Radiometer. This scanner is used to rotate a mirror 
which scans the earth’s atmosphere and surface at an extremely precise rotational 
speed. This paper describes the mechanical systems employed. 

Introduction 


Axsys Technologies has built brushless motors for aerospace applications for manv 
years. This project used proven DC brushless motor technology with some innovative 
packaging concepts to produce a low-power, lightweight assembly with a very hiqh 
degree of shaft stiffness and low rotational jitter. It replaces an AC hysteresis motor 
and utilizes dual optical encoders for speed control and redundancy. An Engineering 
Model was built to verify design before assembling the actual flight hardware. 


Technical challenges 

An optical mirror is mounted at an offset of 45 degrees to a 25.4-mm-diameter Titanium 
shaft rotating at 360 RPM (Figure 1). This requires counter weights for balance and a 
very stiff shaft to minimize vibration and deflection, which would result in a loss of 
optical clarity. The combined mass of the mirror and counter weights is 1 8 ka The 
natural frequency of the system is >175 Hz. 


1. Several design decisions were affected by the shaft stiffness requirement (bending 
moment. The use of a DC motor with a large torque reserve allowed the use of 
large diameter bear inci s . The shaft OD in the bearing mount areas was increased 
by 31% over the output shaft diameter. 

2. A high strength yet lightweight shaft was needed to meet the weight requirement 
Our initial approach used a solid titanium shaft; however, when we increased the 
bearing size and resulting shaft OD, we went over budget on the system weiqht. 
Hollowing out the shaft reduced the shaft weight from 475 g to 327 g. 

3. A duplex bearing by itself provided axial stiffness but the radial stiffness was not 
sufficient. A new approach adding a second bearing and support structure 
(endcap) was implemented. 


'Axsys Technologies, San Diego, CA 
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4 With a rotational speed of only 360 RPM, special attention was given to all aspects 
of system design. Low velocity jitter was achieved by incorporating a high-density 
optica! encode?, a high-gain servo system, a multi-pole DC motor, and precision 
ball bearings. This approach yielded a 3-fold improvement in jitter over the 
previous AG synchronous motor design. 

Desian Features 


A^condbSng and a 3-spoked titanium rear-bearing support (Figure 2) were used 
to increase radial stiffness without adding undue weight. This bearing/support 
asSy Weighs only 140 grams, yet applies 4.5 kg preload to the rear angular 

contact bearing. 

Prplnad is accomplished by securing the OD of the endcap to the scanner housing. In 
rtstindeflected condition, the bearing is floating axially on the shaft. A small gap exists 
between the bearing and the field. When the bearing nut draws the inner race of the 
bearing up to the field, the endcap, which is clamped to the outer bearing race, app les 
an axial load to the bearing based on its spring rate. 

ThP cnrina rate of the endcap was initially measured on an existing stainless steel 
Prototype aid calculated for titanium. This estimated value was later compared to an 
actua| V part. The titanium part was measured (Figure 3) and the deflection require 
achieving the desired preload of 4.5 kg. 


^e^Enqinee'Sig Model utilizing an aluminum housing and stainless steel shaft and 
The ' . T a et wejqht for f|i gh t units is 2.90 kg. The following 

mortal Changes were made to meet the weigh, specification. Actual flight weight is 
2.86 kg. 


Housing - S200F Beryllium was chosen for its high strength to weight and low specific 
gravity. 

Shaft - 6AL-4V Titanium. The titanium closely matches the 440C bearing material in 
coefficient of expansion. 


Endcap - 6AL-4V Titanium gives excellent spring properties and good strength to 
weight ratio. See Figure 3 for deflection rate. 

Remaining parts, such as covers and plates, were made from 6061 AL. 
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Bearing preload method 


System stiffness is realized using a Duplex bearing pair on the mirror side 
angular contact bearing on the rear of the shaft. 


and 


an 


Bearing Preload Values 


Bearing Type 


Front 

Rear 


Duplex pair DF 
Angular Contact 


Preload amount 
9.1 kg (20 lb) 

4.5 kg (10 lb) 


IZfr'rZ f °u ® ssemb| y s,ack U P variation, each assembly will be measured and the 

ZLZ f 9TOUnd 1° SIZ ® baSed on the de,lecti °" chad (Figure 3). Note that 
the deflection is linear within the preload range. 

Velocity Jitter results 

Aftpr e rhanna C t Se th 0 ^ designed usin 9 a prototype mechanical assembly. 

h!pH tn 9 t t0 the bear,n 9 Preloads and endcap design, the control system was re- 
tuned to optimize performance. This was performed on an Engineering Model These 
changes included shielding the dual encoders from the motor with a copper laminate 
adding inductors in line with the motor leads (reduced EMI), and sharpening the 
encoder signal rise times. H y 

In addition, the amount of bearing lube was reduced by 75% to 20 mg. This reduced 
earing drag and resulting torque disturbances without impacting the design life of 5 
years. Final results are shown below. 9 OT D 


Parameter 

Velocity Jitter 
Standard Deviation 
Synchronization Time 


Requirements 
8 psec max 
3 psec max 
40 sec max 


Results 
4.5 psec 
0.6 psec 
2 seconds 


Conclusions 


Employing a spoked titanium 
low additional weight. 


endcap and bearing can provide extra shaft stiffness at 


The endcap spring rate is linear and needs to be measured 
ensure accurate bearing preloads. 


on an actual part to 


An engineering model is recommended to verify the design and 
parameters for optimal performance. 


to set the final servo 
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Figure 3 
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Original Piezomotor for Space Applications 

Marc-F. Six* 7 **'’**, Georges Thomin’, Yves Berthier** and Ronan Le Letty*** 


Abstract 

An innovative linear piezomotor developed by Cedrat Recherche answers to high 
positioning needs of space applications: no lubrication, large blocking force at rest, 
and better than 1 pm accuracy. Taking care especially of tribological aspects in their 
realization, tested piezomotors have achieved steady performances along their life 
time both in air and in vacuum; they can maintain a driving force of 20 N durinq 
500,000 actuations over a 3-mm stroke. 


Introduction 

Piezomotors attract interest in space applications due to their specific properties 
Compared to conventional electromagnetic motors, piezomotors exhibit advantages: 
superior force/mass ratio, direct drive with positioning accuracy, no lubrication, and no 
power supply to maintain the position. A new linear piezomotor (LPM) has been 
developed for a fine pointing application. With a total stroke of 3 mm and a positioning 
accuracy of less than 1 pm, such an actuator will make easier the operations of 
Assembling-Integration-Testing by compensating numerous sources of errors after 
launching. It can be used in active telescopes or in robotics for planetary missions as 
shown by Jet Propulsion Laboratory [1]. This paper presents the principle of this 
original piezomotor, then describes the result of life tests in air and in ultra-high 
vacuum and discusses tribological observations of frictional interfaces. 


Working principle 

The working principle of piezomotors uses a combination of electromechanical 
vibrations and frictional forces. Piezoelectric elements activate ultrasonic vibration 
modes of a stator in order to generate a local elliptical motion on its surface. By 
pressing a driven part against the stator surface, this elliptical vibration is converted 
into a driving force through frictional forces at the contact interface. The preload 
applied at the interface explains the blocking force of the motor at rest The driving 
forces are obtained using a “stick-slip” phenomenon at the contact zone. Ideally when 
the normal component of vibration is increasing the local contact pressure, the 
tangential vibration speed is transferred to the driven part by sticking, whereas when 
the normal component is opposite, which decreases or even cancels the local contact 


• National Center for Space Studies (CNES), Toulouse, France 

" Laboratoire de Mecanique des Contacts, INSA, Villeurbanne, France 

*** Cedrat Recherche Comp.,Meylan, France 
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pressure, the opposite vibration speed is not transferred to the driven part because of 
slipping or even a contact separation. 


CEDRAT Diezomotors belong to the category of multi-mode ultrasonic motors (MMUM) 
accoSmm the Japanese classification, and differs from the travelling wave ultrasonic 
motors fTWUM). The stator is based on an innovative concept called Ultrason c Piezo 
Drive (UPD) The UPD consists of a shell pre-stressing two piezo elements withou 
alue Excited with an electrical phase shift, both piezos activate two vibration modes of 
the shell. Both the modes in phase shift combination generate respectively the .normal 
and the tangential component of the elliptical motion. The symmetry plane of »heU PD 
gives two opposite active faces. The UPD stator may be used for different kinds of 
applications due to its versatility [2], such as rotating piezo motors for direct drive of 
axle, LPM with long stroke, etc. 


A LPM such as LPM20-3 (Figure 1) has been developed for space applications 
foltZg CnS specifications. It is based on one UPD20 whose self motion is 
obtained by pressing two parallel guiding plates against its opposite active ^ces. Tbe 
gu ding is completed with cross elastic leaves that limit the stroke to 3 mm in the case 
of this space application. Using an AC mode, a resolution of less than 1^ may be 
achieved all along the 3-mm stroke. A proportional quasi-static deformation of th 
UPD with a DC voltage up to 150 V produces a displacem^^^^ UP 

1 pm. Thus, the resolution can reach down to 1 nm with ’ th |^ ^ d ® LC A /{f L and 
application of this motor in space has been announced by 

CNES [3]; three LPM20-3 are used in a direct drive configuration for the tip-tilt of a 
mirror of toloscopo embedded on a satellite. 


Contrary to TWUM, in the case of MMUM the contact is not permanent between the 
frictional counterfaces. The margin of tolerance allowed in terms . of "^PM™ ^ 
and roughness is enlarged. For instance, initial roughnesses of both the LPM 
counterfaces are about Ra = 1 pm. UPD offers the additional advantage to have the 
chotee of the contact surface shape, whereas in TWUM the mdentor prof, e is 
intrinsically defined by the travelling wave itself. Furthermore, the principle of the LPM 
Sows the confomity of the static contact after the assembly to be checked at the same 
timeas the value of normal contact stiffness at the interfaces by exciting the contact 

resonance”. 


In the development of a piezomotor, the tribology of the frictional interfaces is of main 
importance to improve the performances of the motor and to master and widen its life 
time. The present tribological approach is based on the tribological triple [ ]. is 


integration tool consists of: - . .. . 

- the technological mechanism; the scale is the centimeter, 

- the first bodies: the both bulks in contact; the scale is the millimeter, 

- the third body, which separates the first bodies, transmit the load and 
accommodates the speed; the scale is the micrometer. 
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Such an approach in the development of the LPD has solved the first scale difficulties. 
The system of preload application has been modified to avoid the small transverse 
deflection of the plate’s contact surfaces after system integration. Thus, the contact 
pressure distribution has been optimized to lead to steady mechanical characteristics 
despite the wear. An interaction exists between the electromechanical UPD behavior 
under load and the contact stiffness at the interface. Then, the elliptical motion 
parameters, like time phase shift and amplitudes, depend on the mechanical 
properties of the counterfaces. The normal contact stiffness is thus controlled by the 
thickness of an appropriate polymer layer and by the geometrical shape of the 
counterfaces. So the characteristics and life of the LPM are strongly related to both 
macrogeometric wear degradations of materials and the steadiness behavior of the 
third body in the contact. 

A contact model of layered elastic solid based on previous works in literature [5] has 
predicted contact stiffness by taking into account the various parameters. Moreover, in 
selecting the polymer layer, high Young compressive modulus, high glass 
temperature, high friction coefficient, and low-outgassing rate in vacuum have been 
sought. The short fibers reinforcement combined with high glass temperature is 
preferred because it brings a steadiness of high mechanical properties and increases 
wear resistance” of the polymer in a wide range of temperatures. The hard steel UPD 
counterface has been machined through electro discharging (Figure 2) and the 
polymer surface is only ground in the frictional direction. These first bodies initial 
surfaces explain the first stage of running during which the performances of the LPM 
increase. Driving force linked with friction coefficient and speed linked with shear at 
the interface grow with the formation of a homogeneous and smooth third body flow. 
During this birth stage, the third body comes from the polymer debris accumulated in 
lines between two furrows created by grinding machining. The frictional shear 

stresses on the third body and the slipping rate decrease as the real contact area 
increase. 


Tests 

The typical characteristics of LPM20-3 are summed up in Table 1 . After their runninq- 
in period, two motors were successively tested on a dedicated test bench as shown in 
Figure 1. One runs in ambient and the other in ultra-high vacuum chamber (2 10' 7 torr) 
at the ambient temperature (23°C). The test consists in supplying periodically the 
motor with a low working rate (6%) and a short cycling period (0.6 s) to avoid heatinq 
degradations of frictional counterfaces under vacuum. The temperature was checked 
with two thermal sensors stick on the stator. The position of the motor was measured 

with an LVDT sensor. A force sensor measured the dynamic force exerted on the load 
by the motor. 

More than 500,000 actuation cycles were achieved with both tested motors without 
decreasing mechanical characteristics. While a steady level of performance is 
measured in ambient, a rise of the speed and the starting acceleration is recorded 
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under vacuum in the first half of the test before steadying. Compared performances 
are summed up in Table 2. 

During the test stage, in air or in vacuum, the thickness of third body decreases and 
shows the micro-structure of the composite polymer. The wear of fibers occurs by 
small particule detachments (0 < 1 pm) without real fibers breaking (Figure 4). The 
steel counterface roughness is slowly smoothed by normal impacts, while its craters 
are filled with some third body particules of the polymer matrix compacted again 
(Fiqure 5). The tangential vibration component could induce an easier ejection of low 
cohesive fiber particules out of the frictional zone starting from a minimal amplitude 

level (2 am). This tribological wear flow is necessary in the case of such a closed 

contact. The absence of a hydrodynamic squeeze effect with air could explain the rise 
of the friction coefficient and the motor speed in vacuum. Such an effect has already 
been shown in TWUM [6]. 


Conclusions 

Due to their accuracy, their low power consumption, and their high force/mass ratio, 
linear piezo motors (LPM20) have already found space applications. Their steady 
performances in air and vacuum during life have been successfully tested thanks to 
tribological considerations during their development. Future development at Cedrat 
will lead to building and testing others miniature linear and rotating motors. 
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Table 1. Characteristics o 

the 

LPM20-3 

Mass 

g 

350 

Width and length 

mm 2 

80x80 

Height in the actuation direction 

mm 

55 

Force at rest 

N 

50 

Supply voltage (AC mode) 

Vrms 


Freguency 

kHz 

23 

Electrical power (AC mode) 

W 

7 


Table 2. Performances of the LPM20-3 


Testing conditions 


■suuataummiiiBHiii 

ambient test 

vacuum test 

Load 

N 

0 

26 

14 

No load speed 

mm/s 

100 

130 

160 

Load state speed 

mm/s 

- 

40 

127 

Blocked driving force 

N 

15-27 

27 

> 50 

Maximal mechanical power measured 

W 

- 

1.3 

1.8 



LVDT sensor 


LPM tacking 


Loading bench 


Loading shaft with 
Force sensor 


Loading device 


Load 


Figure 1. Photograph of the complete test-bench in the CNES 

vacuum chamber 


155 





































| *1 1 mm 

Figure 2. Polymer layer surface during the 
running-in stage: grinding grooves & birth 
of the third body 



Figure 3. Stator surface before 
friction (SEM) 



Figure 4. Frictional polymer layer after 520,000 actuations in vacuum (SEM) 
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Powered Bolt and Nut Assemblies - International Space Station 

Erik Alexander llli * 


Abstract 

The Powered Bolt and Nut Assemblies are the key mechanisms used in the assembly 
of the International Space Station. Their innovative designs have resulted in the 
elimination of crossthreading during thread engagement and established accurate load 
measurement while providing robust lubricant performance and high galling resistance 
Furthermore, valuable insights were discovered in regard to producing large quantities’ 
of space hardware. 


Introduction 

The Powered Bolt and Nut are key mechanisms used in the on-orbit assembly of the 
International Space Station — the mechanisms that literally hold it together. With sixteen 
sets per module interface, these mechanisms will apply nearly 1 .4 million Newtons 
(320,000 pounds) of compressive preload at each module interface in order to ensure a 
safe, pressurized connection is established and maintained. Each limited to a volume 
roughly the size of a grapefruit, the Bolt and Nut have to be able to establish these 
pressurized connections a total of 60 times without failure in order to support the on- 
orbit assembly and operation of the Station. To complete this task, the Powered Bolt 
and Nut designs had to ensure reliable thread engagement while providing accurate 
load measurements in order to minimize the size of their structural members. 
Furthermore, exceptional lubricant performance was necessary to carry the high loads 
and under no circumstances could the assemblies be allowed to fail with no means of 
recovery. The following narrative describes how each of these challenges were 
successfully overcome in addition to a brief description of the valuable insights that 
were gained in the high production volume of these pieces of flight hardware. 



Figure 1 . Powered Bolt and Nut Assemblies 
Note: Load Sensor cable on Powered Bolt Assembly has been omitted for clarity 


* The Boeing Company, Seattle, WA 
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Thread Engagement 


The first major hurdle to overcome in the design was reliable thread engagement a 
Drocess that is not trivial to perform even with our own hands. In order to avoid 
crossttfreadlng "the design had to be able to align in all six degrees of freedom, provide 
resiliency during initial thread contact, and tend to engage the threadforms only after the 
threads were correctly aligned. In this design, the Nut possesses all of the alignment 
capability (Figure 2), both assemblies use spring-loaded features to provide t e 
necessa^ resiliency, and the mating features on the bolt and nut components use a 
unique probe and drogue configuration to ensure proper thread alignment. 



Figure 2. Nut Assembly -- Exploded View 

As a result of these design features, the Powered Bolt and Nut have never 
crossthreaded in any of the tens of thousands of engagements run on more than 250 
sets of Bolts and Nuts during developmental, qualification and flight acceptance testing, 
fn addition the design will not allow crossthreading when tested beyond the Nut s 
alignment capability because it necessitates thread alignment prior to engagement. 


Load Measurement 

Althouqh very advantageous in many respects, the Powered Bolt load sensor presented 
a significant challenge in the design for two reasons— it had to interface with moving 
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mechanical components and its performance had to be quite uniform such that all Bolt 
assemblies would be fully interchangeable. Due to interfacing with moving mechanical 
components, there was great concern about the repeatability of the sensor readings 
within an individual unit. This was solved with a series of design features that 
minimized misalignments, promoted uniform loading and eliminated torque from beina 
introduced into the sensor while loading (Figure 3). 


Upper Housing 
Material: 15-5 PH H1025 


Torsion Washer 
Material: Nitronic 60 
Lubricant: NPM220C 


Follower 

Material: Nitronic 60 
Lubricant: NPI-1220C 



Drive Sleeve 
Material: Nitronic 60 
Lubricant: NPI-1220C 


Lower Housing 
Material: 15-5 PH HI 025 


Wave Spring 


Load Cell Assembly 


Figure 3. Powered Bolt Assembly - Exploded View 

While interchangeability is trivial for the design’s mechanical components it was a 
significant problem to ensure that the hundreds of units had the same electrical 
characteristics— specifically identical load versus electrical response calibration curves. 
The solution was a sensor design that had more electrical response than desired then 
trim the response down, as necessary, to match the ideal calibration curve. This 
approach was used to adjust the load sensor performance while installed in its final 
assembly in order to obtain the best possible accuracy from the system. 


LUDrication 


The greatest challenge of the initial developmental testing was finding a lubricant that 
could reliably perform under the high loads (1.03 MPa (150,000 psi) contact stress) over 
the required duty cycle (60 cycles). Although it was deemed impossible by a fastener 
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specialty company, victory was finally won with a dry film lubricant called NPI-1220C'. 
This proprietary product uses molybdenum disulfide as the primary lubricating 
component in*a L-layer system. The first Bolt and Nut tested with this lubricant finally 
failed after more than 2000 cycles of thermal vacuum and ambient testing— the best 
t^rform^cTof any of the other lubricants was only three cycles. In addition to the 
exceptional life cycle performance, units have attained coefficients of friction as low as 
0 003 during flight acceptance testing. These low coefficients of friction are obtain 
because of the tremendous increase in the efficiency of this lubricant under ^vacuum 
pressure conditions (Figure 4). This lubricant also becomes more eff.c.en as the 
contact stresses increase as indicated by the curvature of the lines in Figure 4. 
Furthermore this lubricant is also more efficient at cold and hot temperature ® xtr ® m ® s 
/from , he cryogenic region to +260“ C (+500" F)) than at room temperature. In short, 

the more you abuse this lubricant, the better it performs. 



Figure 4. NPI-1220C Lubricant Performance in Powered Bolt Assembly 


While this lubricant has many amazing capabilities, it does have an Achilles 
Heel— humidity Just prior to the production of the flight hardware, this previously 
unknownTaS mode presented itself as an exponential breakdown of he lubricant 
durinq ambient testing. After extensive investigation and testing, the failure mode was 
isolated to a chemical reaction of the molybdenum disulfide with moisture that yields 

molybdenum trioxide, a ve^ poor lubricating materia! J^^^hfahToadlTe 
merely in humid conditions, but also while cycling multiple times to high loads. The 
failure^ mode does not occur if any of these factors are missing nor if the unit is cycled 
under vacuum conditions at the beginning of its life. This failure mode is not likely 

1 National Process Industries, Inc., Temecula, CA 
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limited to this particular lubricant alone, but to any other which contains molybdenum 
disulfide. The flight hardware is cycled under vacuum conditions immediately after 

assembly and also severely limits the ambient cycles prior to its in-flight usaqe in order 
to avoid this problem. 


Galling Resistance 

Due to the potential difficulties that could be created should the Bolt and Nut be galled 
together during Space Station assembly, the design incorporated features that 
minimized the potential for galling in addition to allowing recovery should galling occur 
Nitronic 60 2 (a high strength stainless steel) and Inconel 718 (a nickel based high 
strength alloy) were used for all of the moving mechanical components because of the 
high contact stresses required to initiate galling. This capability comes primarily from 
the Nitronic 60, which also has the added benefit of a low coefficient of friction. The 
impressive capabilities of this material were clearly shown in an early acceptance test 
where a Bolt mated with an out-of-tolerance, undersized Nut. The bolt was actually able 
to generate the majority of the required flight load while cutting threads in the mating 
nut. The effective coefficient of friction was calculated to be less than 0 14 for both 
generating and relieving the load. 

As with the lubricant, Nitronic 60 does have its own drawback — machineability Since it 
requires cold working to generate most of its strength, the resulting internal stresses 
cause the part to distort during the machining process. However, an experienced 

machine shop can produce tight tolerance components made of Nitronic 60 but it will 
nevertheless take more effort. 

In the unlikely event that the Bolt and Nut should gall together, the Nut can be 
disassembled such that the Encapsulated Nut can be pulled through the joint still 
attached to the Bolt (Figure 2). As a result, there is no possible configuration in which 
the Bolt and Nut can fail that cannot be easily recovered. 

High Rate Production Problems 

The Powered Bolt and Nut Assemblies are one of the few pieces of space hardware to 
be produced in large quantities (a total of 400 units each planned, 215 sets completed 
at paper submission). Since it is not unusual for space hardware to push the 
performance envelope to save weight, the high levels of production create additional 
opportunities for the lot-to-lot variations in component parts to affect the sensitive facets 
of the design. For instance, a lot of components built by a new vendor caused the 
torque performance of the Bolt to be out of family with all previous units (Figure 5) 
Although they were eventually found to be acceptable for flight use, a considerable 
amount of time and money were spent determining if these new units were equivalent to 

2 Originally developed by Armco Inc., Pittsburgh, PA 
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the qualified configuration. These unnecessary expenditures could have been avoided 
bv simple consistency of the component hardware. This is achieved by the production 
ofall of the individual flight components as a single group, not at separate times nor by 
different vendors. When this consistency is achieved, only the performance of a single 
configuration of hardware needs to be judged, not all of the variations that are possible. 
Although buying all of the component hardware at one time could increase expenditures 
at the beginning of hardware production, it will reduce the total production costs in the 
end because it will avoid the need to evaluate every performance variation. 



Figure 5. Performance Distribution During Vacuum Testing 


Conclusion 

The Powered Bolt and Nut designs were successfully qualified as a result of the 
desiqn’s reliable thread engagement, the accurate load sensor and the superior 
lubrication of NPI-1220C. Although not part of the formal qualification test program, th 
gating resilnce of the Nitronic 60 provides a comfortable assurance of easy recovery 

in the unlikely event of a lubricant failure. 

Usinq Powered Bolts and Nuts, the assembly of the International Space Station began 
with the berthing of two Pressurized Mating Adapters (PMA) to the Unity Node module 
dig ground operations at Kennedy Space Center this past year On Dec^ber 4 
1998 the Space Shuttle Endeavour carried these modules into orbit, the two PMAs he 
durino the ascent by only the Powered Bolts and Nuts. This marked the beginning o 
the on-orbit assembly of the International Space Station— a process that will continue 
for years to come, in part, due to the successful development of the Powered Bolt and 

Nut. 
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The Development of a Foldable, High Stiffness, High 
Holddown and Release Mechanism System 

Alberto Meschini' and Ettore Scardecchia* 


Strength 


Abstract 

A new deployable Holddown and Release Mechanism (HRM) system to firmly restrain 
an antenna during launch and to release it once in orbit has been developed, qualified 
and flown. The system consists of three HRM units that provide an almost isostatic 
launch restraint since each HRM unit is able to block two rigid body degrees of 
freedom. The HRM has been deeply investigated by analysis to predict structural and 
functional performance. After an extensive qualification program, the system has been 
successfully operated aboard European telecommunication satellites. 

Introduction 

The ESA Advanced System Technology Program funded the development of a new 
Holddown and Release Mechanism system to be used on European 
telecommunication satellites for Steerable Spot Beam antenna stowage. The 
Holddown and Release Mechanism system has been launched and successfully 
operated aboard the Hot Bird III, IV and W24 spacecraft. This system is profitably used 
in combination with a biaxial drive Antenna Pointing Mechanism, but other 
applications have demonstrated the versatility of the design. The foldable 
characteristic allows the antenna to be launched at any preset orientation within the 
service area by means of a practical tuning during spacecraft integration. 

HRM Unit Design Description 

The Holddown and Release Mechanism unit (Figure 1) is composed of V-shaped 
foldable legs that support the separation device, which provides the mounting flange 
to the antenna. Spring-loaded hinges equipped with spherical bearings furnish the 
mounting interface to the spacecraft. The separation device (Figure 3) is composed of 
the following: Pyro cutter with redundant initiators, Spherical and separable joint, Self- 
aligning preloaded tie-rod, Retraction spring, Kick spring with pushing pad, Housing 
connected to the legs, and a Housing with mounting flange to the antenna. The 
selected materials, Titanium, AISI 400 steel and Aluminum-Beryllium alloy, allowed 
optimization of the mass versus stiffness and guaranteed the functional performance of 
the HRM. 


* Alenia Aerospazio Space Division, Rome, Italy 
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HRM Fretting test 


The spherical joint is lubricated with Fomblin grease to control friction. The friction 
coefficient measured after a fretting test in thermal vacuum environment was very low, 
and no cold welding effects were observed on the surfaces. The test was run for 20 
cycles (total of 2 months), at temperatures of -65 to +1 10°C and contact pressures of 
260 MPa (maximum). The sliding speed over the ±1 .5 degrees of motion was 0 to 

0.35 mm/s and the materials in contact were 6AI4V / PH13-8Mo (Sulfuric anodize / 
Passivation). The room temperature friction coefficient before fretting test was 0.04. 
The maximum room temperature friction coefficient during the fretting test was 0.1. 
Inspection under microscope magnification after the test did not indicate any 
degradation or cold welding effects of the mating surfaces. 

Holddown Function 


The main functions of the HRM system are to firmly hold down the Steerable Spot 
Beam antenna during launch and to release it in orbit. Since it is the main load path 
during satellite launch, it must provide the required stiffness to the antenna thus 
offloading the Antenna Pointing Mechanism. The characteristic that allows the 
antenna to be launched at any preset orientation within the service area is achieved 
by setting the tubular adapters that connect the HRM flange to the spacecraft. The 
determination of the HRM height and hence of the adapters has been done to 
minimize the total envelope of the antenna. 

Release Function 

The sequence of the Holddown and Release Mechanism release is the following. 

1 . A command activates fire current into initiators 

2. Due to the current, the initiators ignite the booster charge 

3. The cutter blade, pushed by the booster gas, cuts the tie rod 

4 j|-,e retraction spring pushes back the tie rod that clears the spherical joint 

5. The kick spring pushes away the two spherical surfaces in case of possible sticking 

6. The separation unit damper absorbs the tie rod energy and limits the shock 

7. The HRM deploys around the spherical bearings energized by the helical springs 

HRM System 

Each HRM unit is able to restrain, with its stiffness, two rigid-body degrees of freedom, 
hence to completely constrain a free antenna, at least three HRM units must be used. 
The optimum configuration consists of three HRM’s equally spaced at 120 degrees 
having the tie-rod axis converging in the same point (Figure 3) that is the center of a 
triangle. Deployment direction of each unit may be inboard or outboard with respect to 
the triangle without impacts on strength and stiffness. The upper flange can freely 
rotate around the tie-rod axis or within a limited off axis angle, thus allowing an easy 
integration without the risk of jamming of the separation device or conical surfaces. 
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Qualification Plan 


The HRM was thoroughly investigated by analysis to predict structural and functional 
performance. The HRM qualification program was conducted to ensure that the 
hardware conformed to the design, construction and performance requirements. 
Qualification tests were performed both at unit and system levels. 

HRM Unit Test Matrix 


• Manual release 

• Pull test 

• Shear Test 

• Pyro Deployment at Ambient 

• Deployment Torque Margin at Ambient 

• Thermal Vacuum Cycles 

• Thermal Vacuum pyro deployment 

• Torque Margin Hot/Cold 

• Manual Release 

• Torque Factor at Ambient 

• Fretting Test in thermal vacuum (separation device only) 

HRM System Level Test matrix (three units) 


• Sine characterization with dummy interfaces 

• Sine Vibration with Antenna and APM 

• Acoustics with Antenna and APM 

• Thermal Vacuum separation and deployment 


Performance of the unit 


Mass: 

Dimensions: 

Load Capacity: 

Stiffness: 

Temperature Ranges: 


Thermal control: 
Flange adjustment: 
Deployment l/F Force: 
Deployment Time: 
Deployment margin: 


1.5 kg 

212 mm H x 130 mm W x 252 mm L 
8000 N 

Axial > 6»10 7 N/m Shear > 5.5»10 7 N/m 
Separation -100°C +120°C 

Deployment -80°C +80°C 

Survival -150°C +120°C 

Passive 

360° around axis ± 2.5° off axis 
300 N Max 
0.2 s Max 
>3 
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Bridgewire Resistance: 1 Q 

All Fire Current: 4.5 A, 5 ms 

No Fire Current: 1 A, 300 s 

Mate connector: ITT Cannon KPDBF8EN8-2S 

Lessons Learned 

The spherical bearings internal gaps produced non-linear responses during sine 
vibration at antenna system test level that generated several aborts of the test and 
exposed the whole system to over testing. Even though the predicted qualification 
loads were close, but below the manufacturer declared bearing allowables, the 
bearing liner reached yield and gaps increased. The selection of larger bearings fully 
solved the problem. 

During deployment tests, the helical springs, due to torsion shrinkage, touched the 
cylindrical support thus increasing friction and finally reducing the predicted torque 
margin. The helical spring internal diameter was increased and the problem was 
solved. Helical springs, despite their simplicity, demonstrated many limits and it is 
planned that the next design release will incorporate leaf constant-torque springs. 

Other Applications 

The key design features of the HRM have been already reused on two applications. 
First application is relevant to a 2.5 m by 2.5 m planar array. Stowage of the antenna 
is by means of two fixed HRM’s (Figure 5) and two spring-energized hinges (not 
shown). In the second case, the HRM is deeply integrated with a linear actuator 
pointing mechanism, thus offloading the load sensitive actuators at launch. The 
folding capability is still maintained in this application, but the whole mechanism was 
subjected to a substantial size reduction (Figure 5) without affecting stiffness and 
strength. 


Conclusions 

The HRM was demonstrated to be a reliable, high strength and high stiffness 
mechanism. The mass is rather low when compared to stiffness/strength 
characteristics. The isostatic mounting and the launch preset characteristics make the 
HRM design attractive. The design of the separation device is flexible and reusable as 
demonstrated by other applications. 
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Figure 2 HRM Finite Element Model and Stiffness test 
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Figure 4 - HRM System (3 units equally spaced) 



Figure 5 - Fixed and Small Size Deployable HRM’s 
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Shape Memory Based Release Mechanism for Satellite Devices 

H. Voggenreiter', A. Schuster", M. Mertmann’", M. Reindr, M. Roth ++ , H. Vorbrugg +++ 

5/ £-3 7 

Abstract 

In aerospace vehicles, solar panels have to be fixed during launch, and they finally 
have to be released and unfolded in orbit. Melting wires or pyrotechnic devices are 
used for these holddown and release mechanisms. Due to remarkable drawbacks of 
these conventional release mechanisms, alternative solutions by simpler and more 
reliable Shape Memory Actuators are in development. 

Introduction 

Typical Shape Memory Alloys are NiTi-based materials with a near-equiatomic 
composition. The main characteristic of SMA is the reversible, diffusionless, 
thermoelastic transformation from the high-temperature lattice configuration austenite 
to the low-temperature configuration martensite (Figure 1). On heating the monocline 
martensitic alloy, the formation of the austenitic parent phase occurs at the austenite- 
start temperature T As . At the austenite-finish temperature T Af , the phase transformation 
ends with a 100% austenite configuration of the material. On cooling, the martensitic 
phase begins to form at the martensite-start temperature T Ms and ends with a 100% 
martensitic lattice at the martensite-finish temperature T Mf featuring material-specific 
hysteresis. The interface energy and the intrinsic stresses are minimized due to the 
highly twinned and stochastically oriented martensitic phase in 24 lattice directions 
(self-accommodation). Thus, almost no macroscopic change in shape occurs during 
thermal cycling. However, on loading the martensitic material, de-twinning and the 
orientation of the martensitic domains. occurs in the direction of the resulting stress 
(oriented martensite). This leads to a change in shape of up to 8% that remains stable 
relieving the load on. If the SMA is subsequently heated over T^, the continuous 
recovery of the deformation takes place due to the phase transformation martensite- 
austenite. The original shape is achieved with the complete austenitic lattice 
configuration. Subsequent thermal cycling does not enforce any changes in shape. 
This shape recovery effect is called the one-way effect and is used in most shape 
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DaimlerChrysler Research and Technology, Munich, Germany 
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memory actuator applications (1)(2). The following concepts for holddown and 
re | ease mechanisms of solar panel are based on this one way shape memory effect. 

Martensit 


Martensit 


Austenit 


Martensit 

Figure 1. The Shape Memory Effect 

Concept for a conventional release mechanism for solar panels 

Conventionally, the folded solar panels are fixed with a number of holddown 
mechanisms by bolts (1) in order to protect the panel hinges and the motor-gear unit 
from the vibration loads during launch. Each holddown bolt is screwed into a thread 
that is divided into two parts of a nut. A steel spring coil wire (3) prevents the release 
of the bolt by holding the two parts of the thread together. On the ground and during 
launch, the two ends of the spring coil wire are fixed with a thin wire that is melted 
when the satellite reaches the orbit. Due to the wire melting, the spring coil wire 
releases and allows the two parts of the nut to open. Spring (5) supports the opening. 




Figure 2. Conventional holddown and release mechanism 
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Reliability requirements and the probability that susceptible satellite parts are 
contaminated by pieces of the melted wire necessitates replacing the melting device 
by a new mechanism based on SMA. 


Concepts for release mechanisms based on SMA 


The requirements for SMA-based release mechanisms are summarized in Table 1. 


Table 1. Requirements for SMA-based release mechanisms 


required fixation force 

20N 

no release electric current/power 

1A/1W for 300s 

release temperature 

130-160°C 

electrical current/ time to release 

5 to 22A/<5s 


First Cycle Contraction Element (FCCE1 

The idea of the simple FCCE (Figure 3) is to exploit the contraction of an elongated 
martensitic NiTi wire at a defined temperature to release the spring coil wire designed 
as described above. The NiTi wire used is embedded in a groove and fixed with a bolt 
at one end. The spring coil wire is attached to the NiTi wire at the other end. When the 
NiTi wire is heated above the austenite-start temperature T^, the structure starts to 
change back to the austenitic state and will change to the original shape. During this 
transformation the wire contracts. The spring coil wire can thus be released. 

Smart Panel Release Clip (SPRC) 

The flat SPRC (Figure 4) is eroded out of a martensitic NiTi sheet. In this martensitic 
state, the clip becomes pseudo-plastically deformed (I). Then the spring wire is 
clamped in the clip and is fixed by friction or a closing shape (II). When the NiTi clip is 
heated above the austenite start temperature, the structure starts to change back to the 
austenitic state and the original shape. The clip opens and releases the spring wire. 


First Cycle Contraction Element 

o 


NiTi wire 



Jixation of the 
sptingcoil wire 


NiTi wire act 





release of the 
springcoil wire 


Figure 3. Concept of the FCCE 


Smart Panel Release Clip 


spring 
coil wirel 


fixation of t| 
springcoil wire' 



deformation 
of the clip 

© 

SPRCclamped 


release of the 
springcoil wirfcs^ 




SPRCactiv 


Figure 4. Concept of the SPRC 
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Materials investigations and functional test on the FCCE element 
Table 1 shows a high transformation temperature of the SMA. In orbit, the solar 
radiation can heat the structure of a satellite to above 100°C. To avoid uncontrolled 
deployment of the solar panels, an A s temperature of 130°C to 160°C is required. Due 
to the thermal and microstructural stability, a NiTi alloy is preferred. However, the 
transformation temperatures of commercial NiTi start at T As = 85°C. Increasing the A s 
temperature by adjusting the alloy composition is not possible. The only technical 
approach is specifically cold deformation above the maximum reversible deformation 
of about 8%. Due to the introduction of dislocations, the martensitic phase is stabilized 
and the necessary phase transformation energy increases. The disadvantage is on 
the one hand the reduction of the reversible elongation and on the other hand only 
one useable cycle (First Cycle Effect). Probability calculus shows that using the First 
Cycle Effect is acceptable. 

The cold deformation of NiTi wires causes a rise in the A/A, temperatures as the 
amount of cold deformation increases. To reach the target of an A s -temperature 
between 130-160°C, a cold deformation of approximately 15% was determined during 
material tests (Figure 5). With higher amounts of cold deformation, the A s temperature 
decreases and the A, temperature increases. Thus, the range of the transformation 
AT t = T Af -T As is becoming wider, which is not acceptable for the application. Another 
effect of cold deformation is a lower shape memory effect and the fact that it is only 
useable once. Therefore it is called the First Cycle Effect. With e CD = 15%, the NiTi 

wires feature an SM effect 
of 2 - 2 . 5 % and a AT t 
between 29°C and 40°C. 
This meets the application 
requirements very well. 
Figure 5 shows the 
contraction versus the 
temperature of a 1 5% 
cold-deformed NiTi wire 
with an A s temperature of 
154°C and an effect of 
=2.25%. 


Figure 5. First cycle of an NiTi wire 



With the above-mentioned results, release tests with the cold-deformed wire were 
performed using the above-mentioned FCCE unit. The results are summarized in 
Table 2. The wire was heated by an electrical current. With increasing current, the 
time to release the spring wire drops considerably. At 10 A, it takes 2. 9-3.8 s to 
release. 22 A for 5 s are allowed for release. A fixation force of more than 20 N was 
proven successfully. 
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Table 2: Results of the release tests with electric al heating 


Current [A] 

Voltage [V] 

electrical power [W] 
to release 

time [s] 
to release 

6 

1.85 

-11.1 

25 

6 

1.87 

=1 1.2 

20.2 

10 

2.97 

==29.7 

3.8 

10 

3 

-30 

2.9 


Materials investigations and functionaf test on the SPRC 

For investigating the SPRC, the results of the NiTi wires were transferred to the NiTi 
sheets. Thus the sheets were cold-deformed by about 15%. The A s temperature was 
measured by DSC. With this cold deformation of 15%, T^ = 90°C was reached and 
the transformation temperature range was extended up to 70°C. 


Figure 6 shows the shape memory effect versus temperature as a function of the 
rolling direction (90°, 0°). Compared to the wire-drawn FCC element, a wide 
transformation range is the case starting at T As * 90°C and ending at T A( « 160°C. This 
means an unacceptable transformation range AT t of about 70°C. Some differences 
were detected between the samples cut in 90° and 0° to the rolling direction which 
influence the resulting rolling texture of the NiTi material on the transformation 
behavior. In total, the transformation temperatures measured do not correspond to the 
demands of the satellite release mechanism and differ considerably from the results 
attained by the wire-drawing process. The differences between the results of the NiTi 
wires and the NiTi sheets are based on different production processes and the 
differences in the microscopic plastic deformations (degree and homogeneity). The 
rolling process has to be investigated further to reach the required A s temperature 
comparable with that of the cold-drawn NiTi wire. 
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Figure 6. Shape memory effect versus the temperature as a function 

the roiling direction (0°, 90°) 
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In order to prove the design concept of the SPRC element, release tests with a 
standard NiTi alloy were performed that does not yet meet the temperature 
requirements. The results of these release tests with the standard NiTi SPRC are 
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given in Table 3. The objectives of the fixation force, the no-release tests with 1 A and 
1 W for 300 s are fulfilled. The maximum fixation force of 75 N exceeds the 
requirement of 20 N. In addition, the time, the temperature and electrical power 
needed for release correspond to spacecraft demands. 


Table 3: Results of the release tests with electrical heating 



Smart Panel Release Clip (standard-NiTi) 


friction contact (standard NiTi) 

form-closed (standard NiTi) 

required fixation force 20N 

>20N 

>20N 

no release 1 A/1 W for 300s 

proven 

proven 

max. fixation force 

63-70 N (RT) 
24-75N (~50°C) 

67-69N (RT) 

release temperature 

59-72°C 

71-74°C 

time to release/ electrical power 

50-360s/=3W 

20-100s/=6-7W 

40-60sA=6.6W 


Conclusions 

Two new bolt release mechanisms based on Shape Memory Alloys were investigated 
to improve current panel release mechanisms. The First Cycle Contraction Element, 
based on a cold-drawn wire in a groove, contracts after electrical heating to loosen the 
fixation of the steel wire. The requirements of a fixation force of 20 N, a no-release 
function during 1 A/1 W for 300 s, a release with 5-22 A within 5 s, and a release 
temperature between 130°C and 160°C were successfully proven. To obtain this high 
austenite-start temperature, it was necessary to modify a commercial NiTi alloy. By 
cold deformation it was possible to shift the A s temperature from approximately 70°C to 
the temperature range between 130°C and 160°C for the first cycle. A second release 
concept is based on a NiTi Smart Panel Release Clip. Corresponding to the results of 
the FCCE, the sheets used were investigated as to the influence of cold rolling on the 
shift of the phase transformation temperatures. Due to the process-based difference in 
homogeneity and the degree of the plastic strain induced, the results are not 
comparable with those of the FCCE. The rolling process of the SPRC has to be 
investigated further in order to shift the transformation temperatures up to the required 
temperatures and to decrease the transformation temperature range AT t . The SPRC 
design concept was proven with a conventional NiTi sheet. A fixation force of 20 N, a 
no-release function at 1 A/1 W for 300 s and a release at 5-22 A with standard NiTi 
were attained successfully. Thus, a new generation of satellite release mechanisms 
based on Shape Memory Alloys is about to hit the satellite market. 
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A Measurement of Torque and Self-Generated Temperature Changes, Comparing 

Hybrid Bearings to All Steel Ball Bearings 


Peter C. Ward 1 and Alan Leveille 2 


Abstract 


This experiment measured the torque and stress-induced temperature changes of 

Reaction Wheel Assembly and Control Moment Gyro quality ball bearing pairs while 

varying speed and initial preload. This work explores the analytical model that predicts 

L , pr ®! oaded pairs run cooler an <i with lower torque, allowing much higher 
speeds without lubncation damage. ® 


The test results bear out the ball bearing analytical model. Data show torque and 
temperature comparisons are not significantly different from prediction. Lessons 
earned on how to design bearings for momentum devices and other mechanisms are 


introduction 

A well known and used point solution bearing analysis program called BRGS bv A 
Leveille has been updated to include the iterative use of the torque output to update the 
emperature .put to the program. This iterative version is called DYBA. The original 
RGS is a Fortran program evolved over the years starting with early work at New 
Departure Barden, and The Aerospace Corp. DYBA uses BRGS as the main engine 

and loops the analysis to a closed thermal solution or to a determination of thermal 
runaway. K3,mc * 1 

For example, this new calculated temperature, using heat rise factors, is applied to 
expansion rates, lubrication parameters, fits, and bearing parameters in the program 

inputs to generate a new point solution. The new solution includes a new torque 
estimate to start the process over. H 

The program is run repeatedly until the temperature and torques approach a steady 
state solution. In this way, a real approximation of bearing dynamic preload 
temperature, torque output, and life is established. 


‘ Timken Aerospace and Superprecision, MPB Division, Keene, NH 
A. Leveille and Associates, Los Angeles, CA 


175 


Usina this model a correlation between the predictions and actual torque and 
tenure data was attempted. Ceramic hybrid bearings and 52100 all steel beanngs 
were compared at many speeds and at two different loads. 

The interest in this work was produced by the model predictions that ceramic hybrid 
bearing withsttfb high hardness races such as Rex 20 steel (AISI M62) would run at 
much lower temperature and torque than steel bearings. A standard hybrid bearing with 
conventional steel races is used by other bearing companies who supply product ,0 ,he 
machine tool industry. Cooler running conditions and higher possible speeds have 

been advertised. 

In this work, the data was generated by running 101 size (1.125-inch OD ) preloaded 
pairs from 15,000 RPM to 40,000 RPM at two preload levels. 

Outline Of Experiments 

Basically a preloaded 1 . 1 25 inch by 0.750 inch bearing pair was driven to a given 
LeTd and run until its self-induced temperature rise leveled off. Running torque and 
the steady Sate temperature were recorded. These tests were conducted on three all 
VIM VAR AISI 52100 steel bearings and three identically designed Rex 20 hybrid 
bearings! The only difference among the test bearings was the race and ball matenals. 

Tho toet Hovira consisted of a variable speed air drive motor and support pedestal. The 
SSS" test speeds of 15000, 20000, 25000, 30000, 35000, 

and 40000 RPM. 

T Amnorature measurements - The outer tooling was fitted to accept a ) he ™ ocou P' e '^ at 
contacted the bearing outer rings. This outer tooling also was thermally isolated and a 
toraue arm prevented tooling rotation by contacting a transducer. The inner shaft 
toolina was connected only to the motor drive chuck. Its temperature was measured by 
an optical pyrometer on the shaft just adjacent to the bearing face and in the bore of the 
drive shaft just under the inner rings. 

All speed /load combinations were run three times for each material and averaged for 
consistency. 

Tornne rneasure m°n 1 ° end I ubricalion - Modeling torque is dW ™' , a ^ ^ m ° S, t 
accurate when the actual torque is mostly due to mechanical or load factors, not 
TubS dmg o' cage drag. To minimize lubricant drag, only a 10/1 heptane/Penzanne 

2000 oil mixture was used. No run-in was used. 
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These data were then used to modify the heat rise factors for the given thermal 
mounting system of the test setup. 


nesults and Conclusions 

Steady-state temperature and torque of both the 52100 bearing and Rex 20/ceramic 
hybrid bearing are plotted in Figure 1 for the 8-lb preload and in Figure 2 for the 20-lb 

annZt in c c If sed ’ the ceramic hybrid showed less and less temperature 

nnn R U pM S fh tha |? ^ ?? 10 ° beanng ’ The com P uter model predicted this result. At 
was a?60 O^C ^ ^ * 71 in " er ring tem P erature while the hybrid 


At 20-lb preload, the temperature of the all steel bearing at 20,000 RPM was 51 7°C 
while the hybrid leveled off at 38.9°C. At 25,000 RPM, the all-steel bearing’s ’ ’ 

!i e iTo^ at u re ! ncreased ex Por>entially to runaway while the hybrid ran comfortably at 
46.1 C. It is important to note that the isolated small thermal mass of the bearinq 
cartridge caused the induced temperatures to be exaggerated and unique to this test 
setup. Other real environments need to be modeled thermally; and indeed there are 
many cases where 52100 bearings run at high speeds without thermal runaway. 

The graphs of model predictions for the hybrid case in both Figure 1 and 2 show the 
torque to be flat or even decreasing with increasing speed. This is because the ball 
emperature is assumed to be between the inner and outer ring temperature and the 

th « Grm ! ! XPanS ' 0n ' S S ° muCh l0Wer than the steel races - The dynamic preload backs 
off and the torques and temperature go down. The experimental data did not show this 

Two possible causes can be envisioned. First, if the ball temperature is hotter than both 
the inner and outer, the model predicts torque data more like the experimental data 
Second, in Figure 2, the torque curve labeled “20H-RERUN” represents allowing a long 
run-in period before collecting the data. It is more like the model predictions The 

implication is that the viscous drag part of the torque equation, which we were ignorinq 
was not trivial. y y ’ 


This work can be relevant when bearings must work without torque increase for verv 
long penods with once only grease or oil lubrication. The induced bearing preload and 
hence, induced temperature, must be accurately modeled with a program that can 
predict running temperature induced effects on bearing load and reciprocally load 
effects on torque and temperature. ’ 


The use of a hybrid pair and this modeling accurately predicted real life behavior of 
beanngs and their lubrication system. Normal bearing analysis does not tell the whole 
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Figure 1 - Hybrid (8H) versus 52100 Steel Bearing (8S) 
Actual temperature and torque versus prediction 
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Figure 2 - Hybrid (20H) versus 52100 Steel Bearing (20S) 

Note - ‘rerun’ on the Torque curve represents less effectof lube drag term due to longer 

run-in times before torque measurements 


179 







SRTM Substitute Motor Drive Assembly 

Doug Petercsak and Jim Sprunck’ 


5)g'37 


Abstract 

Shuttle Radar Topography Mapper (SRTM) is a joint 1 1-day shuttle mission (STS-99, 
Atlantis) of NASA, the U.S. Department of Defense National Imagery and Mapping 
Agency, DLR, and ASI, the Italian Space Agency, scheduled for September 1999 Two 
independent SAR systems, one in C-band (NASA JPL instrument) the other in X-band 
(DLR/ASI), will operate with the main antenna of each instrument located in the open 
cargo bay of the shuttle, with a second receive antenna mounted on a deployable 
outboard mast. SRTM represents the first use of fixed baseline single-pass spaceborne 
IFSAR technology with wide-swath scanning SAR and dual frequency [1 ]. The 
deployable mast extends to 70 m (200 ft) and will be the largest deployable structure 
ever flown. Deployment of the large mast required the development of a 500 W (0.6 hp) 
actuator with integral electronics. Although the actuator is complex both mechanically 
and electrically, it is most notable for its tight integration of mechanism and electronics. 
The tight electromechanical integration resulted in a 30% reduction in actuator weight 
when compared with competitive designs. The weight reduction was achieved in spite 
of the addition of many new features not found on other units. Close electronic and 
mechanical integration was achieved through in-house development in both disciplines 
As with any development program difficulties along the way led to new insights that will 
become invaluable when applied to future programs. 



Figure 1. Shuttle Radar Topography Mapper Fully Deployed [2] 


American Technology Consortium, Inc., Oxnard, CA 
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Introduction 


Key to the success of the SRTM program is the reliable deployment of the AEC-Able 
supplied mast. Mast deployment is affected by rotating a large ring gear at the top of 
the canister. Two actuators are used to rotate the ring gear. The nature of the mast 
deployment results in large torque variations primarily due to the locking of the mast 
hingelines. The power required ranges from a low value of 100 W over 90% of the 
deployment and peaks as high as 500 W at each mast hinge engagement under worst- 
case conditions. The mast is a derivative of masts being manufactured for the 
International Space Station (ISS) program. Originally, the Jet Propulsion Laboratory 
planned on using the same Motor Drive Assemblies that are used on the ISS masts, 
however, the manufacturer was not able to commit to the aggressive schedule required. 
Consequently the need for Substitute Motor Drive Assembly (SMDA) developed. 

Design Requirements 

Most of the performance requirements for the SRTM SMDA were derived from the ISS 
specifications. Some of the major performance requirements for the SRTM Substitute 
Motor Drive Assembly are presented in Table 1 . Since the SMDA is being used on a 
manned space flight application, several factors required consideration. The design 
needed to be robust from a fracture criticality standpoint and the external surfaces of the 
unit needed to be smooth and free of corners or edges that could be a hazard to shuttle 
crew member’s space suits. 

During the preliminary design phase of the program, the Jet Propulsion Laboratory 
recognized new features that would be desirable to incorporate into the SMDA. An 
integral redundant heater and thermostat requirement was added to eliminate the need 
to add these devices at the next higher assembly level. A current limit override 
requirement was also added to allow the payload specialists to disable the internal 
current limit safety feature. This allows the SMDA to put out large amounts of torque 
over a reduced duty cycle. One SMDA is then easily able to backdrive the second 
SMDA provided the second SMDA’s brake is disengaged. To assure this is the case, 
the brake design requirements were changed such that each brake is redundant and 
electrically cross-strapped. Thus activation of any SMDA disengages both brakes. 


Table 1 : SRTM SMDA Performance Requirements Summary 


REQUIREMENT 

VALUE 

Nominal Output Torque 


Peak ODeratinq Torque 


Stall Torque 

22.6 N»m (200 in-lb) 

No-Load Speed 

26.2 rad/s (250 rpm) 

Operatinq Speed 

24.6 rad/s (235 rpm) 1 

Brake Torque 

>18.1 N»m (160 in-lb) 

Operatinq Temperature Ranqe 

-55°C to +65°C 

Non-Operatinq Temperature Range 

-55°C to +75°C 

Mass 

< 7.3 kq (16 Ibm) 
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Design 


Overview 

The SMDA consist of a brushless DC motor, a redundant brake, a two-stage planetary 
gearbox and an integral brushless DC motor controller, amplifier and EMI filter. The 
design configuration is presented in Figure 3. The design configuration for the SMDA 
was somewhat influenced by the very short development schedule. A design that 
consisted of many external parts would have required time consuming FLAGRO 
analysis for each external item to verify compliance with the manned spaceflight fracture 
criticality requirements. To minimize this type of analysis a one-piece structural cover 
design was selected. The approach encouraged close integration of the mechanism 
and control electronics thus resulting in a significant mass reduction as well. Even with 
the additional features the SMDA mass is 1 .8 kg (4 Ibm) below the specification 
requirements. 



Figures 2. & 3. SMDA Deploying Mast and Design Configuration 

Attachment of the motor housing directly to the SMDA base plate provides an excellent 
thermal path for the elimination of waste heat during high load operation. Finite element 
thermal analysis showed the thermal path was actually too conductive for the worst- 
case cold condition. The SMDA heaters were not able to hea t the SMDA fast enough. 
This concern was alleviated by standing the SMDA off the canister 0.25 mm (0.010 in) 
with stainless steel standoffs at the mounting fastener locations. 
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Figure 4. SMDAs Mounted on Canister 


Mechanical Design 

The two-stage planetary gearbox configuration is a derivative of gearboxes ATC has 
supplied in the past for the Mars Pathfinder program. High strength maraging steel is 
used to minimize the gearbox size and weight. Each stage uses three planet gears and 
the first stage carrier is allowed to free float to encourage gear tooth load sharing. A 
duplexed pair of angular contact ball bearings in a DB arrangement supports the output 
shaft and reacts all radial, moment and thrust loads. AGMA gear tooth analysis was 
performed to verify gearbox reliability against pitting and gear tooth bending stress. 
Conservative dynamic AGMA constants were selected since the load is not steady but 
can peak sharply. 

The motor stator is bonded to an aluminum housing for optimal thermal conductivity to 
the base. The motor rotor is supported on a set of radial bearing that are axial 
preloaded with a wave spring to minimize skidding of the balls. Magnets in the rotor are 
bonded in place and generate a permanent radial magnetic field. A circuit card within 
the motor supports the hall sensors used to control motor commutation. 

The redundant cross-strapped brake is attached to the back of the motor assembly. 

The brake consists of an axial free floating brake disk that is torsionally coupled to the 
motor rotor and acted on by the armature of a large solenoid. The armature is spring 
loaded to capture the brake disk between armature and the motor endbell. Powering 
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any one of the two windings within the solenoid retracts the armature and sets the brake 
disk free to rotate. Magnetic optimization of the armature minimized its mass and thus 
reduced the brake’s engagement time. 

The EMI filter is completely isolated from the rest of the assembly within its own 
enclosure. The EMI filter board acts as a motherboard for the SMDA. Connectors on 
the EMI filter board protrude from its housing. The controller and amplifier boards each 
have aluminum heat sinks that slide into machined grooves on the upper ad lower 
structure of the SMDA where they plug into the EMI filter board. Wedgelocks hold the 
boards in place after installation. This design configuration has proven to be reliable 
and convenient. 

Electrical Design 

The SMDA provides several features that both enhance system performance and 
preclude inadvertent failures. The SMDA has integral speed control to allow the 
deployment speed to be adjusted. This speed control is derived from the motor hall 
effects devices to limit complexity. The speed is commanded from a ramped velocity 
profile generator. This profile generator allows independent adjustment of both 
acceleration and deceleration. This allows the SMDA to start softly while also stopping 
rapidly to accommodate bang-bang (on-off) deployment control. 

The SMDA also provides peak motor current limiting. This is necessary to restrict the 
maximum output torque from the motor. An additional average motor current limiter 
surrounds this peak current limiter. The average current limit works to restrict the 
maximum input current drawn by the SMDA. Both current limits can be inhibited by 
command. 

To preclude failures resulting from excess heating, the SMDA provides an over- 
temperature shutdown feature for both the motor and the output amplifier. This feature 
protects the system in the event the motor is left in a stalled condition for an excessive 
period of time. 


Lessons Learned 

As is typical of design and development programs, several problems arose during the 
development of the SMDA. Early prototype testing showed the originally selected brake 
material was generating excessive wear debris, which caused the linear armature 
bushing to fail. A change to a harder, higher strength material prevented the problem 
from repeating. 

During vacuum testing at high temperature under worst-case loading conditions, the first 
unit experienced degradation in performance. The problem was traced to a reduction in 
the permanent magnets field strength. The rotor design used neodymium-iron-boron 
rare earth magnets that, depending on the grade, are somewhat susceptible to thermal 
demagnetization. The rotor design also consisted of a solid backiron of 1018 annealed 
carbon steel. Previous analysis had indicated that the motor rotor temperature would 
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not exceed the temperature the magnets were capable of surviving. Detailed magnetic 
modeling showed that magnetic eddy current losses in the motor rotor were adding a 
significant amount of heat to the rotor and overheating the magnets. This is the 
problem with using non-laminated backirons in high-speed applications. The rotor 
design was then changed to utilize samarium-cobalt magnets, which can survive higher 
temperatures, and the solid backiron was replaced with a laminated Ml 9 backiron. 
Subsequent testing proved the problem had been addressed. 

Conclusions 

The development of the SMDA was undertaken against a highly optimistic success- 
oriented schedule. Consequently schedule pressure forced certain design decisions. 
Many of these design decisions turned out to be the right ones. By attempting to 
minimize fracture critical analysis, a one-piece containment housing configuration 
developed that neatly integrated both electronics and mechanism. The SMDA has been 
rigorously tested and qualified for use on the SRTM mission. The SMDA includes many 
features that were not required in the original specification yet weighs only 75% of the 
weight requirement. The SMDA has proven to be a robust and reliable actuator for 
large mast deployment. 

Problems that surfaced with the original design during development of the initial units 
taught valuable lessons and were readily solved. Friction brake materials must be 
evaluated for the specific application early and magnetic eddy current losses should not 
be ignored in thermal analysis where flux reversal rates are high. 

As space borne structures increase in size and complexity the need for SRTM like 
devices will increase accordingly. 
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Motor Brush Testing for Mars and Vacuum 

Don E. Noon’ 




Abstract 

Brush motors have been qualified and flown successfully on Mars missions, but 
upcoming missions require longer life and higher power. A test program was therefore 
undertaken to identify the best brush material for operation in the Mars atmosphere. 

Six different brush materials were used in 18 identical motors and operated under 
various load conditions for a period of four weeks in low-pressure C0 2 . All motors 
performed acceptably, with accumulated motor revolutions between 98 and 144 million 
revolutions, depending on load. A proprietary silver-graphite material from Superior 
Carbon (SG54-27) appears to be the best choice for long life, but even the stock 
copper-graphite brushes performed reliably with acceptable wear. 

The motors from the C0 2 test were then cleaned and run in vacuum for 2 weeks. The 
difference in results was dramatic, with 5 motors failing catastrophically and wear rates 
increasing by orders of magnitude for the SG54-27 material. Three brush materials 
survived the test with no failures: SG54-27 with a proprietary Ball Aerospace 
impregnation, a silver-graphite-molybdenum disulfide material from Superior Carbon 
(SG59), and a copper sulfide-graphite material also from Superior Carbon (BG91). 

Introduction 


Background 

Traditionally, brushless DC or stepper motors have been used in space applications 
where the highest reliability is required. Sliding electrical contacts have gained a 
reputation for unreliable operation in vacuum, especially at the high speeds 
encountered in brush motors. Two factors have led to adopting brush motors for Mars 
applications. First, there is an atmosphere; although very thin, it can have a highly 
beneficial effect on brush operation and rotor heat dissipation. Second, and probably 
more directly responsible, is the emphasis of the low-budget, short schedule missions. 
There is often not sufficient time or budget to develop appropriate brushless motors; 
mass constraints also favor brush motors. 

The Sojourner Rover was the first Mars mission to make extensive use of brush 
motors 1 . Performance requirements were modest; average power input was less than 
0.25 watt for each motor, and the entire flight mission covered about 100 meters, or 
less than 3 hours of continuous operation. The same motors were initially selected for 
the Robotic Arm on the Mars Polar Lander, but the requirements for longer life and 
higher power could not be met. A new motor was designed and fabricated by the 

' Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 
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American Technology Consortium (ATC). The motor incorporated silver-graphite 
brushes, and it provided a great improvement in life 2 . The attempt to use the same 
motor in a vacuum application, however, was not satisfactory. 

The 2003 Mars Mission 

The Athena program, scheduled to launch in 2003, plans to use 30 brush-type motors 
of various sizes. The rover drive motors are required to push the 75-kg vehicle to a top 
speed of 6 cm/s and do so for at least 10 km. The motor for the sample drill must be 
capable of handling 20 watts continuously for at least 100 million revolutions. Because 
of the extensive reliance on brush motors and the requirements for high power and long 
life, it was deemed necessary to obtain more accurate data on brush material behavior 
in the Mars atmosphere. 


Test Program 


Overview 

The test program was limited in order to obtain useful results for a minimum cost, 
utilizing residual motors and existing test fixtures. Only easily obtainable, commercial 
materials were selected for the brushes. Some custom formulations of more exotic 
materials have shown good results 3 but were not considered for this test. 


The focus of the test was to investigate brush performance vs. current density in a C0 2 
environment to simulate the atmosphere of Mars. Three motors were prepared with 
each brush material. One motor was utilized as a drive (high current) coupled to a 
second motor acting as a brake (slightly lower current), and a third motor was run with 
no load (very low current). 

For a practical Mars mission, it is highly desirable to operate the flight motors in an 
ambient Earth environment for various subsystem and system tests. An initial 24 hour 
no-load run was included in the test program to check this capability. Vacuum 
operation is not a requirement for the 2003 Mars mission; this was included for the 
potential benefit of other space programs. 

Motor Brush Materials 

Due to the very low pressure of the Mars atmosphere, the selection of motor brush 
materials was based on high altitude and vacuum applications. Following is a list of the 
selected materials, and brief justification. A scanning electron microscope was used to 
identify constituent elements and approximate concentrations measured by surface 
area. 

SG54-27: A silver-graphite from Superior Carbon. This material has been qualified in 
C0 2 on the Robotic Arm motors with very good results. It has approximately 10% 
silver, with proprietary compounds added for high-altitude operation. 
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SG54-27-V: The above material with a proprietary wet lubrication impregnation (“Vac- 
Kote”) by Ball Aerospace. Several sources reported using this modified material 
successfully in vacuum. 

SG59: A silver-graphite-MoS 2 from Superior Carbon, commonly used for slip rings in 
vacuum, with very low contact resistance and low electrical noise 4 , and approximately 
55% silver and 1 8% MoS 2 . 

BG91: A copper-sulfide graphite material, also from Superior Carbon. A previous test 
of 1 1 materials identified this as a superior performer in vacuum 5 . It has approximately 
17% copper sulfide, and might also be known as D91. 

BG91-V: Vac-Kote applied to the BG91 material. 

Copper-Graphite: The stock brush material supplied with the Maxon RE025 motors. It 
is included as a baseline, with minimal expectations. It has approximately 30% copper 
content. 

Motor 

The motors used in the 
graphite brushes. 

Manufacturer, part #: 

Rated Voltage: 

Test Voltage: 

Terminal Resistance: 

Torque Constant: 

Speed Constant: 

Commutator Diameter: 

No. of Segments: 

Mass: 

Set-up 

Motor brushes were prepared from the various materials by NC machining to match the 
arc shape of the original brushes. Shunt wires were potted into the brushes using 
conductive silver epoxy. The original brush springs were retained, which produced a 
pressure of 96 kPa at the commutator. All motors were clamped to an aluminum plate. 
For the loaded tests, drive and brake motor shafts were connected together by flex 
couplings (Figure 1). A heat exchanger with fluid loop was attached to the back of the 
aluminum plate to cool the assembly. The plate was mounted in an environmental 
chamber, with external 37.3-ohm resistors providing load for the brake motors. Drive 
motor current and brake motor current were recorded continuously. 


test were commercial units with neodymium iron magnets and 

Maxon #11 8757 
48 V 
30 V 
33.7 Q 

0.0897 N* m/A 
11 rad/sA/ (106rpmA/) 

5.08 mm (0.20 in) 

11 

0.13 kg 
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Procedure 

The testing sequence and conditions are summarized below. All tests were conducted 
at 30 volts input. 


Test 

Duration 

Load 

AtmosDhere 

Post-test operations 

#1 

24 hours 

No-load 

Earth 

Inspect, Clean of brush debris 

#2 

72 hours 

No-load 

8 kPa C0 2 

Inspect 

#3 

2 weeks 

Full load 

8 kPa C0 2 

Inspect 

#4 

2 weeks 

Full load 

8 kPa C0 2 

Inspect, Clean of brush debris 

#5 

2 weeks 

Full load 

Vacuum 

Inspect 




Results 


Motor 

revolutions, 

current densities, and wear rates are presented in Tables 1, 2, and 3 


Wear rate is defined as the linear brush wear (at the centerline of the arc-shaped brush) 
divided by the distance traveled at the commutator surface. Electrical performance is 
provided in Tables 4 and 5. Anomalies and inspection observations are given in the 
following notes. 

Test #1 Notes: Both of the wet-lubricated materials produced cohesive debris that 
accumulated in the commutator slots. SG54-27-V was the worst offender, with debris 
build-up also noted on the leading edge of the brushes. 

Test #2 Notes: Significant debris accumulated in the commutator slots for SG54-27V, 
SG59, and stock materials. There was also debris build-up on brush edges for SG54- 
27-V. 
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Test #3 Notes: The SG54-27 motors were almost completely free of debris. There was 
very heavy build-up in the commutator slots of SG54-27-V, stock, and BG91-V drive 
motors. 

Test #4 Notes: All motors were briefly checked for no-load current draw before 
beginning the loaded test. The SG54-27-V and BG91-V drive motors initially took in 
excess of 3 watts no-load, while the SG54-27-V drag motor initial draw was just under 2 
watts. These high currents fell back to lower levels after a few seconds of operation. 
SG54-27-V and BG91-V drive/brake motors were markedly less efficient in the first hour 
or so of loaded operation. For this period, SG54-27-V drew an input power of 1 2.3 
watts and registered an overall efficiency of 16% for the drive and brake combination. 

At the end of the test, the SG54-27 and SG59 motors had the least debris in the 
commutator slots. The debris from the “Vac-Kote” impregnated brushes had to be 
mechanically cleaned from the slots; all other brush material debris was removed by 
low pressure air. 

Test #5 Notes: 5 motors failed, all with excessive current draw. The BG91-V drive 
motor brushes were broken after coming into contact with bubbled-up epoxy on the 
overheated rotor. The stock drive motor was stopped soon after high-current operation 
was observed; terminal resistance of 18 ohms returned to normal (32 ohms) after 
cleaning debris out of the commutator slots. All other failed motors endured more 
extensive heating periods, and ultimately suffered breakdown of the winding insulation. 
The SG59 drive and no-load motors had considerable commutator wear, 0.07 mm and 
0.05 mm, respectively. The BG91 no-load motor drew extremely low power after 4 
days of vacuum operation, less than 0.06 watts. A close-up of the brush / commutator 
area of the BG91 drive motor is shown in Figure 2. 

Addendum: Results of Continued Testing 

Two preliminary qualification tests have been conducted for specific applications on the 
Athena Rover, with excellent results. 

One Maxon RE025 part # 118752 was prepared with SG54-27 brushes and tested in 8 
kPa C0 2 for 47 million motor revolutions at a brush current density of 25.5 A/cm 2 , with a 
resulting brush wear rate of 1.3 x 10 11 . The power input was then increased to over 30 
watts (current density 33.6 A/cm 2 ); the resultant wear rate was 8 x 10' 11 after 60 million 
additional motor revolutions with no failure. 

Three Micro Mo 1727-18 motors were tested at 16 volts in 8 kPa C0 2 for a scan 
actuator application. The test was a no-load start-stop with dynamic braking and 
direction reversal. Each motor survived 1.9 million start-stop cycles, with 218 million 
motor revolutions accumulated. There were no failures or anomalies. The motor 
brushes were stock copper-graphite, and the average wear rate was 4 x 10 
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Table 1. Motor Revolutions, Current Density, and Wear Rates for Tests #1 and #2 


Motor 
# 


Test#"!: 24 h, Earth ambient 


Material 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 

17 

18 


SG54-27 

SG54-27 

SG54-27 

SG54-27-V 

SG54-27-V 

SG54-27-V 

BG91 

BG91 

BG91 

BG91-V 

BG91-V 

BG91-V 

IS <359 

SG59 

SG59 

Stock 

Stock 

Stock 


Load 

Condition 


No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 

No-Load 


Test #2: 72 h, .8 kPa CQ2 


Motor 

Revs 

(x10*6) 


Current 

Density 

(A/cnT2) 


iWear Rate 

an/cm 

xIOMO 


0.3 

0.3 

0.3 

0.6 

0.6 

0.6 

0.2 

0.2 

0.2 

0.3 

0.3 

0.3 

0.6 

0.6 

0.6 

0.4 

0.4 

0.4 


Motor 

Revs 

(x10*6) 


2.6 

5.2 
2.6 
2.6 

1.3 

1.3 
2.6 
0.0 

5.2 

3.9 

7.9 

7.9 

3.9 

6.4 

3.9 

9.3 

7.9 
7.9 


Current 

Density 

(A/cm A 2) 


13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

13.2 

132 

13.2 

13.2 


Wear Rate 
cm/cm 
x10 A -1 0 


0.3 

0.3 

0.3 

0.6 

0.6 

0.6 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

0.6 

0.6 

0.6 

0.4 

0.4 

0.4 


0.0 

0.0 

0.0 

0.0 

0.9 

0.4 

1.3 

0.4 

0.4 

0.4 

0.0 

0.9 

1.3 

0.4 

1.8 

0.4 

0.9 

0.0 


Table 2. Motor Revolutions, Current Density, and Wear Rates for Tests #3 and #4 


1 



Test #3: 2 weeks, .8kPa | 

Test #4: ' 

2 weeks, 

liiSiEISSCII 

II MOTH! 

Material 1 

Load 

Motor 

Current 

WEEnanEi 

Motor 

Current 

wear Kate 

# 

BBM 

Condition 

Revs 

(x10 A 6) 

Density 

(A/cm A 2) 

cm/cm 

x10 A -10 

Revs 

(x10 A 6) 


cm/cm 

x10 A -10 

■ 

III 1 II 

Drive 


6./ 

fill! 

40.5 


0.1 

0.0 

2 

SG54-27 

Brake 

39.5 

6.3 

0.0 

40.5 

6.2 

3 

SG54-27 

No-Load 

62.3 

0.4 

0.1 

63.8 

0.4 

0.0 

4 

SG54-27-V 

Drive 

39.5 

7.7 


40.5 

7.7 

0.1 

5 

SG54-27-V 

Brake 

39.5 

6.3 

0.0 

40.5 

6.2 

0.0 

6 

SG54-27-V 

No-Load 

62.3 

0.6 

0.0 

63.8 

0.7 

0.0 

7 

BG91 

Drive 

39.5 

7.1 

0.0 

40.5 

6.7 

0.3 

8 

BG91 

Brake 

39.5 

6.1 

0.0 

40.5 

6.0 

0.1 

9 

BG91 

No-Load 

62.3 

0.1 


63.8 

0.1 

0.0 

10 

BG91-V 

Drive 

39.5 



40.5 

6.8 

0.6 

11 

BG91-V 

Brake 

39.5 



40.5 

6.1 

0.1 

12 

BG91-V 

No-Load 

62.3 



63.8 

0.2 

0.0 

13 

SG59 

Drive 

39.5 



40.5 

7.6 

1.8 

14 

SG59 

Brake 

39.5 


0.3 

40.5 

6.9 

0.3 

15 

SG59 

No-Load 

62.3 

0.3 

0.4 

63.8 

0.4 


16 

Stock 

Drive 

39.5 

7.6 

5.2 

40.5 

7.5 

ilnl 

17 

Stock 

Brake 

39.5 

6.6 

1.0 

40.5 

6.5 


18 

Stock 

No-Load 

62.3 

0.4 

1.9 

63.8 

0.4 
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Table 3. Motor Revolutions, Current Density, and Wear Rates for Test #5 






2 weeks, vacuum 


Motor 

Material 

Load 

Motor 

Current 

Wear Rate 




Condition 

Revs 

(x10 A 6) 

Density 

(A/cm A 2) 

cm/cm 

x10 A -10 

Notes 



Drive 

26.4 



l-ailure (220 h) 


SG54-27 

Brake 

26.4 


0.2 


SG54-27 

No-Load 

33.7 

0.4 

41.1 

Failure (178 h) 


SG54-27-V 

Drive 

35.8 


0.2 


SG54-27-V 

Brake 

35.8 


0.2 



SG54-27-V 

No-Load 

56.4 

0.4 

0.0 



BG91 

Drive 

35.8 


0.6 



BG91 

Brake 

35.8 


0.2 



BG91 ! 

No-Load 

56.4 

0.1 

0.0 


10 

BG91-V 

Drive 

4.6 


? 

Failure (44 h) 

11 

BG91-V 

Brake 

4.6 


3.8 

12 

BG91-V 

No-Load 

56.4 

0.2 

0.0 


13 

SG59 

Drive 

35.8 


1.6 


14 

SG59 

Brake 

35.8 

6.1 

0.6 


15 

SG59 

No-Load 

56.4 

0.4 

0.4 


16 

Stock 

Drive 

2.7 


10.6 

Failure (23 h) 

17 

Stock 

Brake 

2.7 

5.8 

4.3 

18 

Stock 

No-Load 

7.5 

0.3 

10.8 

Failure (39 h) 


Table 4. Average No-load Current 


IvitilClIHHHHBR 


1 igBj 





mm 




SG54-27 

SG54-27-V 

BG91 

BG91-V 

SG59 

Stock 


E 

E 

■KhRe 

(TFT 

0.51 

0.09 

0.30 

0.57 

0.42 
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Table 5. Input power, Output Power, and Efficiency 


I mi 1 i Kl 1 

resT131UD2) j 

f est #4 (C02) | 





■m 


■22021111 

Input 

Output 








% 1 

w 

w 

% 

Kb 


% 

i m ~n )■ 


bk m 

WEM 

9.2 

3.1 


HI 

BM 

25 

SG54-27-V 

10.7 

3.2 

Kl 

10.7 

3.1 


1 

El 

28 

BG91 

9.8 

3.0 

mm 

9.4 

2.9 



mm. 

26 

BG91-V 

9.4 

3.0 

32 

9.4 

3.0 

32 

8.3 

■ 

27 

SG59 

9.4 

3.5 

37 

10.2 

3.5 

34 

9.2 

2.8 

30 

Stock 

10.6 

3.5 

33 

10.5 

3.4 

33 

9.0 

2.7 

30 



Completion of All Testing 



Figure 3. Resistance vs. Voltage for Motor with BG91 Brushes 
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Conclusions 


Brush Materials 

There are several important characteristics of motor brush materials that need to be 
considered in determining suitability for a particular application: 

• Wear rate 

• Cohesiveness of the debris; tendency to pack into commutator slots 

• Electrical properties of the debris; tendency to short between commutator segments 

• Contact resistance between brush and commutator 

In a low-pressure C0 2 environment, SG54-27 appears to be the best overall choice for 
long life with good performance. Stock copper-graphite brushes worked well, but with 
higher wear rates; this would be a practical alternative for motors in applications that do 
not require long life, such as deployment devices. BG91 displayed low wear rates, high 
contact resistance, and low no-load current; this material might be the best choice for 
an application where no-load power must be minimized. SG59, with its low contact 
resistance, might be a good choice where power throughput must be maximized. The 
addition of wet lubricant to the brushes appears to be detrimental in C0 2 ; wear rates are 
not reduced measurably and the brush debris becomes more cohesive. 

In vacuum, the SG54-27-V, BG91, and SG59 materials performed about as well as they 
did in C0 2 . All other materials had excessive wear and/or failures. Usage of SG59 is 
questionable for anything other than very short durations, due to the higher wear, 
commutator abrasion, and unsatisfactory results in a previous vacuum test 2 . If SG54- 
27-V is used, one must be extremely attentive to debris build-up in the commutator 
slots, especially if there are periods of non-vacuum operation. BG91 appears to work 
well under all conditions, although there is very little flight history for this material. The 
high contact resistance of BG91 gives lower electrical efficiency and variable ohmmeter 
readings, making it difficult to assess motor health prior to operation. It is not clear if 
this characteristic (plotted in Figure 3) could produce other problems. 

The failures in vacuum all appear to follow the same sequence: brush debris in the 
commutator slots forms a partial short, leading to increased power draw and heating. 
The increased heat load causes the rotor temperature to rise until the winding insulation 
fails. This is an especially serious problem in vacuum, where heat dissipation from the 
rotor is poor. 

General Recommendations 

These test results, while encouraging, do not show that brush motors have the high 
reliability of a well-designed brushless motor. The problems associated with sliding 
contacts— wear, conductive debris, non-conductive contamination— are continuing 
major sources of concern. In addition, the rotors are subject to higher temperatures, 
thermal cycling, and mechanical stress, which could lead to insulation failure or wire 
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breakage. However, where resources (mass, power, funding, schedule) are limited, 
brush motors may be the only viable choice to provide the desired actuation. To reduce 
the inherent risks, it is important to select the appropriate materials for the application 
and perform representative tests in the expected environment. Motor current and/or 
temperature should be monitored to avoid catastrophic failure due to overheating. 
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The Clouds and the Earth’s Radiant Energy System 
Elevation Bearing Assembly Life Test 

Phillip L. Brown’, James B. Miller’, William R. Jones, Jr.”, Kent Rasmussen + , 
Donald R. Wheeler”, Mauro Rana^, and Frank Peri’ 

Abstract 

The Clouds and the Earth s Radiant Energy System (CERES) elevation scan bearings 
lubricated with Pennzane SHF X2000 and 2% lead naphthenate (PbNp) were life tested 
for a seven-year equivalent Low Earth Orbit (LEO) operation. The bearing life assembly 
was tested continuously at an accelerated and normal rate using the scanning patterns 
developed for the CERES Earth Observing System AM-1 mission. A post-life-test 
analysis was performed on the collected data, bearing wear, and lubricant behavior. 

Overview 


The CERES instrument is an earth scanning broadband radiometer whose mission is to 
characterize the cloud forcing effect on the Earth’s radiant energy balance. CERES 
instruments are currently manifested on three Earth Science Enterprise orbiting 
platforms, the Tropical Rainfall Measuring Mission (TRMM, one instrument, already on- 
orbit), the Earth Observing System AM-1 mission (two instruments), and the EOS PM-1 
mission (two instruments). The CERES instruments are built by TRW (Redondo Beach, 
CA) and possess both azimuth and elevation scanning capability. 

In October of 1995, the NASA Langley Research Center (LaRC) began life testing of the 
CERES elevation drive bearing and lubrication system. This testing was done to meet 
NASA Goddard Space Flight Center (GSFC) product assurance concerns for the 
lifetime expectancy of the CERES design using a Pennzane lubricant. Pennzane is a 
relative new comer to flight hardware lubricants and lacks the history that many other 
oils and lubricant systems which have been flown. 

The life test was originally scheduled to last for a five-year cyclic scanning equivalent to 
satisfy the original EOS AM-1 mission. In 1997, the life test was extended to six years 
equivalent and then to seven years equivalent to meet the EOS PM-1 mission 
requirement and a possible National Polar Orbiting Environmental Satellite System 
(NPOESS) mission opportunity. The accelerated scanning patterns were similar to the 
flight patterns, but with somewhat reduced dwell times and scan rates set to flight 
maximum rate. This allowed the bearing assembly to complete a seven-year equivalent 
in less than three years of ground testing. 


* NASA Langley Research Center, Hampton, VA 
” NASA Lewis Research Center, Cleveland, Ohio 
+ TRW Space and Technology Division, Redondo Beach, CA 
** NYMA Inc. Hampton, VA 
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Objectives 


The objective of the life test program was to demonstrate that the bearing assembly for 
the CERES elevation scan mechanism will operate within its required performance 
envelope for the EOS AM and EOS PM satellites (six years) and for a possible 
NPOESS satellite (seven years). The following specific objectives were pursued and 
accomplished: 

• Develop a motion control system to simulate the EOS AM elevation scan profiles, 

• Develop a monitoring system to collect bearing performance data, 

• Develop data analysis software to analyze and assess bearing performance data, 

• Develop a test facility to simulate the space environment, 

• Perform a seven-year cyclic mission equivalent on the test unit bearings, 

• Perform a post-life-test analysis to determine bearing wear/lubricant degradation. 

Experiment 


Description of Test Equipment 

The equipment used to perform the life test can be described as several systems. 

These systems include the mechanical and electrical aspects of the test fixture 
designed to house the CERES flight bearings and lubrication scheme, the vacuum and 
thermal control system for the test, and the test set. 

Test Fixture Mechanical . . . . 

The life test fixture is assembled from a combination of fabricated and spare hardware 
that provides all the critical bearing fits, tolerances, and the lubrication system of the 
CERES elevation drive. The test unit was developed as a low cost alternative to an 
exact copy of the flight elevation drive mechanism. Spare flight bearings, lubricant 
reservoirs, brushless DC drive motor, position encoder, and some small related 
hardware were provided by Schaeffer Magnetics, Inc. (Chatsworth, CA), the 
manufacturer of the flight scan mechanisms for CERES. The remaining hardware was 
designed and fabricated at the LaRC and accommodates the spare hardware while 
providing all the critical bearing fits and tolerances and the lubrication features of the 
flight design. As shown in Figure 1 , the fixture can be considered as composed of three 
sections. One section is used to house and preload the bearing assemblies and also 
contains the lubrication reservoir features and labyrinth seals. The middle section 
contains the drive motor (and one labyrinth), and the outer section houses a glass disk 
optical encoder assembly. 

Test Fixture Electrical . „ CDCO 

The test unit drive motor is a brushless DC device obtained from the CERES 
breadboard system. Test unit spindle position is obtained from a 16-bit optical encoder 
(BEI Motion Systems Co., spare from the CERES Radiometric Test Model). The 
encoder includes a box of processing electronics that were mounted with the test 

fixture. 
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Encoder 


Motor 



Vacuum System 

The vacuum system used for the life test is a 59 cm (22 in) by 79 cm (31 in) stainless 
steel bell jar system with a two-stage roughing pump and cryo-pump that provides the 
capability to reach 4 x 1 0' 6 torr or less. The bell jar system has a view port, a pressure 
gage port, and multiple adaptable feed-throughs. 

Thermal Control System 

The CERES life test unit was mounted to a cold plate in the bell jar. The cold plate 
consisted of two aluminum face plates and a copper coil. A FTS Systems RC-25A-L1 0 
heat exchanger using isopropyl alcohol was coupled to the cold plate to provide the 
necessary heating and cooling of the test unit. The test unit and the cold plate were 
instrumented with temperature sensing devices (thermocouples, PRTs) for control and 
monitoring purposes. 

Test Set 

The test set is comprised of the position control unit and the Personal Computer (PC) 
based command and data acquisition system. The position control unit is a modified 
flight elevation control assembly board populated with commercial grade parts. The 
board was modified to permit commercial grade memory, having a different physical 
configuration, to be substituted for flight parts, and to adapt it for use with a parallel 
digital interface in the PC. The unit receives high-level motion commands containing 
direction, rate, and destination from the PC. As in flight, the unit monitors the encoder 
position, develops motor drive signals to execute these commands, and reports the 
encoder position and error back to the PC. 
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The command and data acquisition system consists of commercial off-the-shelf PC 
components including CPU, hard disk, digital interface, analog interface, and Ethernet 
communications card. The unit provides the operator interface, high level test control, 
individual scan commands to the control board, acquisition of controller and 
temperature data, and data formatting and storage. 

The command and data acquisition software was developed using LabWindows®. As in 
the flight unit, the scan command generator operates on a 100 Hz clock and uses a 
look-up table approach to generate the motion command sequences that it transmits to 
the control unit to produce the desired scan profile. 

Scan Selection 

The flight unit has 4 preprogrammed elevation scan sequences (normal, short, 
calibration, and nadir). Normal (see Figure 2), as the name implies, is the primary data 
acquisition scan, and makes up approximately 74% of the scans during on-orbit 
operation. Short scan is a truncated normal scan that is used to prevent the detectors 
from viewing the Sun for certain solar beta angle conditions. It is expected to comprise 
approximately 25% of all scans. The calibration scan is executed for a short period 
during biweekly solar calibration events, and there is no planned use of the nadir scan. 
The test unit had 2 additional accelerated scans (accelerated normal and accelerated 
short). These scans require only one-third of the time of a standard speed scan. Scan 
selection was performed by the test set. For thirty minutes each day at a predetermined 
time, the test set executed a standard speed flight scan profile. Short scans were 
executed 20% of the time, and normal and calibration were each executed 40% of the 
time. During the remaining 23.5 hours of each day, either the accelerated normal or 
accelerated short scan profile was executed. 



Figure 2. CERES Normal Scan 


Data Collection and Archiving 

Data was collected and archived over the entire duration of the life test. Scan error and 
temperature data from the individual scans are combined into a daily file containing the 
test header information (date-time, scan number, scan type, status). 

Test Conditions 

All of the test scans were run in the setup shown in Figure 3. The bearings were first 
tested prior to vacuum exposure to perform a checkout of the scan control and data 
acquisition electronics and establish a test unit performance baseline. The bearings 
were then tested over a temperature range (-5°C to +25°C) under vacuum with pressure 
of lx 10' 6 torr or less (1x1 O' 6 torr @+25°C, 8 x 10' 7 torr @ -5°C) for the 7 year 
equivalent. 



Figure 3. CERES Elevation Bearing Life Test Unit Test Facility 

The alcohol heat exchanger and cold plate system worked extremely well in providing 
the test temperature operating range. Thermocouples on the cold plate and test unit 
exterior indicated that typically only a few hours were required to transition from one 
thermal extreme to the other. The typical operating range of the flight bearings is 
expected to be between 0°C and +20°C. The test range added 5°C margin on the 
expected minimum and maximum flight operating temperature. 

A few differences between the operating conditions of the test bearings and the flight 
bearings should be noted. In order to match the rotational inertia of the test spindle to 
that of the flight unit spindle, the test unit rotating mass ended up at 2.4 kg (5.3 lb) 
versus 1 .67 kg (3.68 lb) for the flight unit. The test bearings were also tested in a 
vertical configuration (bell jar system limitation). For the vertical test configuration, the 


201 


test unit bearings were subjected to the 2.4 kg gravity load of the spindle mass, a load 
that was reacted out in the thrust direction of the two bearing pairs. This gravity loading, 
23.54 N, was not felt to be an issue since the least of the two bearing pairs was rated 
for 2873 N (646 Ibf) thrust load. Little concern also existed for lubricant pooling or 
migration due to gravity since the bearings were lightly oiled with the Pennzane mixture 
and the tendency of the oil was to remain in the ball-to-race meniscus area. 

Description of Bearing Assembly 

The bearing assemblies used for this life test are flight instrument spares for the CERES 
elevation scan mechanism and have angular contact duplex bearings of 440C stainless 
steel (balls and races) designed for front-to-front (DF) mounting. The bearing pairs are 
5.08 cm (2.00 in) O. D. by 3.97 cm (1.562 in) I. D. by 1.27 cm (0.500 in) wide with 0.318 
cm (0.125 in) diameter balls and one-piece pocket-type cotton phenolic ball separators. 
The bearings are manufactured by Miniature Precision Bearings (Keene, NH). The 
bearing pairs on each end of the test unit spindle have different ball compliments and 
preloads. The bearing pair on the motor end of the test unit has 34 balls and a nominal 
preload of 12.25 kg (27 lb). This preload produces a peak hertzian stress of about 875 
Mpa (125 ksi). The bearing pair on the non-motor end has 17 balls and a nominal 6.8 
kg (15 lb) preload with roughly the same preload hertzian stress (100 - 125 Ksi). The 
bearing pair on the motor end is retained by both an inner and outer race clamp (outer 
clamp provides preload). The bearing pair on the non-motor end is retained by an outer 
race clamp and the inner race is fitted to a beryllium copper slip sleeve to allow for 
thermal expansion and contraction of the spindle assembly (same as flight). 

The bearing lubricant under test is the flight lubricant. The lubricant is a mixture of 
Pennzane SHF X2000, a multiply-alkylated cyclopentane (MAC) with lead naphthenate 
(Bardahl 104) and anti-oxidant (HiTEC) additives. MACs are a relatively new class of 
space oils that are candidates to replace the more traditionally used perfluorinated 
polyalkylether (PFPE) lubricants that include oils like Bray-81 5Z. These new class oils 
also enjoy excellent vapor pressure characteristics, moderate cold temperature 
performance, and unlike PFPEs, can accept anti-wear additives [1]. The amount of lead 
naphthenate (PbNp) by weight in the Pennzane mixture is approximately 2%. Less than 
1% (-0.6%) of the Hi-TEC anti-oxidant is added. The anti-oxidant is added to the 
mixture for protection against oil oxidation during ground (air environment) 
exposure. The Pennzane formulation used in the life test and in the CERES flight 
bearings is designated as MT7-5-4. The MT7-5-4 replaces the MT7-5-3 designation 
and is free of ester impurity. It is believed that the ester impurity in the MT7-5-3 
formulation may be responsible for some dewetting phenomena reported in earlier 
Pennzane investigations [2]. 

As shown in Figure 4, the bearing assembly at each end of the spindle consists of a ball 
bearing pair, a lubricant reservoir, and machined labyrinth seals on each side of the 
bearing pair. The lubricant reservoirs are segmented arcs captured in machined 
cavities and are made from Microwell (microporous nitrile-acrylic elastomer) foam that 
has been leached and vacuum impregnated with the Pennzane MT7-5-4 oil mixture. 
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Figure 4. Life Test Bearing Assembly (not to scale) 
Analysis and Results 


Data Analysis and Results 

The CERES scanner controller design provides a steady state output torque that is 
proportional to the steady state position error during the constant velocity portion of the 
scan. Thus, the mean running parasitic loss (friction, viscous drag, cogging) is 
proportional to the steady state position error during the “Earth scan.” The 
proportionality constant is estimated to be 36.72 mN»m/count (5.2 in«oz/count). Some 
driver offset was observed, and a true calibration of the test set was not practical. 
Despite these limitations, the mean position errors over the constant low velocity 
portions of the scan are a very good indicator of relative bearing lubrication system 
health. 

Experience gathered from test and flight data from the Earth Radiation Budget 
Experiment (ERBE), an instrument with a similar scanning mechanism, and CERES 
scanner simulations indicate that, although it is difficult to quantify the relationship, 
transient response is more sensitive to parametric changes than the linear portion of the 
scan [3]. 

During the development of the test set, it appeared that noise was being introduced into 
the system by the encoder cabling within the vacuum test chamber, and that this 
electrical noise was producing spikes on the output. Since attempts at reducing or 
eliminating the noise did not yield quick results, and the unit was otherwise fully 
functional, the decision was made to start the test with the noise present. After the test, 
a small steel tab from a threaded insert was found on the motor rotor, and there was 
some indication that it had been rubbing during at least part of the test. Both of these 
conditions made the interpretation of the data more difficult. The most useful data 
comes from the normal scans, because they have the longest periods of continuous low 
rate motion and a number of transients. Data for the accelerated scans, the calibration 
scan, and the short scan have less or no low rate motion. 
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Data from the complete test, including more than 37 million scans, was reviewed, and a 
number of minor system anomalies were noted and explained. Data from over 97% of 
the scans was acquired and archived. The number and breakdown of the scans is 
summarized in Table 1 . 


Table 1 . Life Test Scans 


Scan 

Speed 

Total 

Standard 

Accelerated 

Normal 

99,753 

26,998,842 

27,098,595 

Short 

50,062 

8,936,798 

8,986,860 

Calibration 

100,559 

- 

100,559 

Total Data 

250,374 

35,935,640 

36,186,014 

Lost Data 

23,030 

1 ,082,430 

1,105,460 

Total Scans 

273,404 

37,018,070 

37,291 ,474 


Normal scan data for the complete test was analyzed for steady state position error 
during the constant velocity portions of the scan, and for the transient settling times at 
space and internal calibration source positions. This data showed very little change in 
the mean error during the linear portions of the scans, or in the mean transient settling 
times. These results are summarized in Figures 5 and 6. The cyclical variations 
observed in these plots are associated with the temperature cycles applied to the unit 
under test. The relationship of mean error and transient dwell to temperature can be 
seen in Figure 7. Over the test, the average friction remained between 60 and 63.5 
mN»m (8.5 to 9 in«oz). The friction goal for the flight unit was established at 78 mN«m 
(1 1 in»oz), the expected limit at -10 °C. 



Figure 5. Mean Steady State Error vs. Scan Number 
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Figure 6. Mean T ransient Dwell Time vs. Scan Number 



Figure 7. Comparison of Mean Error and Transient Dwell to Temperature 
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Post-Life-Test Bearina/Lubricant Analysis 

Upon removal from the test fixture, the life test unit was disassembled for bearing 
inspection and lubricant analysis. As part of the disassembly, test unit torque watch 
measurements were obtained for comparison to pre-test assembly values. During unit 
assembly, torque watch measurements for rotation in both directions were 12 — 15.5 
mN*m (1.7 -2.2 in«oz) (CW) and 12 - 14.1 mN»m (1.7-2. 0 in«oz) (CCW) prior to 
motor stator and encoder installation. Similar measurements taken during disassembly 
were 15.5 - 16.2 mN*m (2.2 - 2.3 irroz) (ON) and 14.8 mN*m (2.1 in«oz) (CCW). A 
smooth hand of feel operation was also noted during the disassembly measurements. 

During test unit disassembly, a bearing “turns” test was performed to verify ball contact 
angle. The inner race was turned 15 rotations and the bearing retainer was noted to 
rotate 7 revolutions for both bearing pairs. This compares to 15:8 ratio when the outer 
race was rotated as per the pre-test setup. Calculations indicate that no change in the 
18.2 degree contact angle had resulted during the life test. Based on the favorable 
“turns” test results, no post-life-test bearing preload measurement was performed. 

Visual observations during disassembly noted the test unit bearings and lubricant to be 
of clean appearance with no apparent oil discoloration. Some oil migration under the 
bearing clamps was noticed. The bearings and lubricant reservoirs were removed from 
the test unit and packaged for shipment with parts going to personnel at both NASA- 
LeRC and TRW. Table 2 provides the list of the components evaluated at LeRC and at 
TRW. 


Table 2. Inspected and Analyzed Life Test Unit Components 


Location 

Component 

Part Number 

Description 


Half Duplex Bearing Assy 

SMI 116261 S/N3-025A 

Motor End Bearing 

LeRC 

Half Duplex Bearing Assy 

SMI 11 6537 S/N 3-027 

Non Motor End 

LeRC 

Lubrication Reservoir 

TRW 443508-1 

1 pc. Motor End 

LeRC 

Lubrication Reservoir 

TRW 443508-2 

1 pc. Non-Motor End 

LeRC 

Pennzane Lubricant Rinse 


Race Clamps Each End 

TRW 

Half Duplex Bearing Assy 

SMI 116261 S/N 3-025 

Motor End Bearing 

TRW 


SMI 11 66537 S/N 3-027A 

Non-Motor End Bearing 

TRW 

Lubrication Reservoir 

TRW 443508-1 

2 pcs. Motor End 

TRW 

Lubrication Reservoir 

TRW 443508-2 

2 pcs. Non-Motor End 


LeRC Inspection/Analvsis 

The bearing assemblies sent to LeRC were disassembled, photographed, (weighed), 
and the components were analyzed with Fourier Transform Infrared (FTIR) microscopy 
and Raman spectroscopy and then solvent cleaned in toluene. The toluene extractions 
were analyzed by High Performance Liquid Chromatography (HPLC). The inner races 
were then analyzed by X-ray Photoelectron Spectroscopy (XPS) and by the Scanning 
Electron Microscope (SEM) [4]. 
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Photographs of the as received disassembled bearings appear in Figures 8 (motor end, 
3-025A) and 9 (non-motor end, 3-027). A close-up of the two inner races is shown in 
Figure 10. The ball track is visible to the right side of raceway 3-025A and the left side 
of raceway 3-027. Some dark friction polymer is evident near the land in both raceways 
with some patches in the center of raceway 3-027. However, in general, the raceways 
are in excellent condition. The two phenolic ball retainers (cages) appear in Figure 11. 
The cage from 3-025A is on the left and the one from 3-027 is on the right. These 
cages are also in excellent shape with only a slight darkening around the pockets. 




Figure 8. Motor End Bearing (3-025A) Figure 9. Non-Motor End Bearing (3-027) 



Figure 10. inner Races, 3-025A (left) 
and 3-027 (right) 


Figure 11. Phenolic Cages, 3-025A 
(left) and 3-027 (right) 
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Reflection IR spectra from both inner races and various balls were essentially the same 
as the standard reference FTIR spectrum for Pennzane plus lead naphthenate. This 
indicates that the lubricant was not seriously degraded during the life test. 

All lubricants containing a carbon backbone degrade tribologically into a graphitic 
amorphous type of carbon that is easily detected with Raman spectroscopy. This 

appears as a broad doublet with peaks near 1350 cm 1 and 1580 cm . These are 

loosely associated with the graphite “G” and “D” peaks. Some evidence of this material 
was shown in a spectrum from the inner race from 3-025A. However, there was little of 
this material present on the bearing surfaces and balls. Again, this indicates little 
tribological damage to the lubricant. 

Both ball retainers, the inner and outer races, and segments of the reservoirs were 
extracted with toluene and the resulting solutions analyzed by HPLC in the size 
exclusion mode. This method separates molecules according to their size. Essentially 
all samples were identical to Pennzane standards indicating little or no change in the 
molecular weight distribution of the lubricant. 

XPS was used to analyze surfaces of the inner race. This technique analyzes the upper 
most surface layers providing elemental, as well as chemical bonding information. A 
survey spectrum of the track area of the inner race from 3-025A indicates the bearing 
components, Fe and Cr, along with surface oxide, hydrocarbon and Pb. A high 
resolution spectrum of the lead region appears in Figure 12. The standard lead doublet 
was observed. The lead appears to be in the form of lead naphthenate, lead oxide or 
lead hydroxide. There is no indication of elemental lead which often forms during the 
tribological process. A spectrum from the land area gave identical results. This 
indicates that the lead naphthenate has simply adsorbed onto all surfaces. Again, this 
indicates a mild operating regime. 



Figure 12. High Resolution XPS Spectra for Lead Region from 3-025A 
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In order to determine if the pre-test ball retainers were fully impregnated, they were 
extracted, dried and re-impregnated with the formulated Pennzane for six days at 50 C. 
Total lube uptake for retainer 3-027 was 0.0283g and for 3-025A, 0.01 83g. This 
compares exactly with the build weights and indicates that the retainers were fully 
impregnated at build. 


TRW Inspection/Analvsis 

The bearing assemblies sent to TRW were taken to Schaeffer Magnetics personnel in 
Chatsworth, CA for disassembly and visual inspection and then returned to TRW for 
FTIR and SEM [5], 


Both ball retainers were visually inspected using magnifications ranging between 60X 
and 100X. The only notable observation was the distribution of what was assumed to 
be lead platelets on the retainer surface. The main concentration was inside the ball 
pockets where normal ball contact is expected. Photographs under magnification are 
shown in Figures 13 through 15. 


4 



Figure 13. 3-025 Ball Retainer Figure 14. 3-025 Ball Retainer 

(on land surface) (inside ball pocket) 




Figure 15. 3-027A Ball Retainer 
(inside ball pocket) 
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Individual balls were inspected under magnification. All of the balls appeared to have 
an even film of oil. There was no indication of unusual wear patterns. The inner and 
outer races were also inspected under magnification. Excess oil on the races appeared 
to have an amber color with some black discoloration along the wear path. Dark 
deposits appeared along the edges of the contact area and were assumed to be lead 
deposits. The actual wear path appeared to have minor pitting that was consistent 
along the entire contact path. Typical pictures are shown in Figures 16 and 17. 



Figure 16. 3-027A Inner Race Figure 17. 3-025 Outer Race 

Balls, races, and retainers were immersed in toluene for 20 hours followed by 
evaporation of the toluene to obtain a nonvolatile residue (NVR). Each NVR was 
weighed and analyzed by FTIR microscopy for organics, and the NVRs were also 
analyzed for lead by Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS). FTIR 
results (Table 3) indicate hydrocarbon material for all samples. There is a trace of 
oxidation evidenced by carbonyl (C=0) absorptions at 1710 — 1760 cm , and a number 
of absorption peaks, presumably due to lubricant degradation, not seen in the unused 
oil. Analysis of the NVRs showed them to be depleted in lead relative to an unused oil 
sample. 


Table 3. NVR and FTIR Test Results 


1 Ramnle 

msmm 

FTIR Library Match 

Wt-% Pb j 

Rearina 1 1 6261 . 3-025 , — — 1 

Balls 

0.80 

hydrocarbon plus carbonyl 

1.0 

Outer race 

1.9 

hydrocarbon plus trace of carbonyl 

1.3 

Inner race 

1.7 

hydrocarbon plus organic hydroxy 

1.0 

Retainer 

11 

hydrocarbon plus trace of carbonyl 


Rearinn 116537. 3-027A - . 1 

Balls 

0.80 

hydrocarbon plus trace of carbonyl 

0.4 

Outer race 

1.5 

hydrocarbon plus carbonyl 

1.2 

Inner race 

2.0 

hydrocarbon plus trace of carbonyl 

1.5 

Retainer 

21 

Shell motor oil hydrocarbon plus carbonyl 


MT7-5-3 B Unused 

N/A 


2.18 


* MT7-5-3, with the same lead content as MT7-54 but with a slight difference in the Pennzane base od, was used 
here and for an FTIR standard because a sample of MT7-5-4 was not available. 
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SEM photos of balls and races from the 3-027A bearing are shown in Figure 18. Both 
the balls and races revealed the presence of lead platelets (via EDX analysis) derived 
from lead naphthenate, the extreme pressure additive in the MT7-5-4 oil formulation. 
The platelets were more commonly seen in the races (e.g., Figure 18C), although they 
were somewhat observed on the balls. Similar findings were observed on the 3-025 
bearing races and balls. Elemental analysis was not possible on the intact outer races 
because of problems with shadowing of the EDX detector. Finally, SEM showed the 
balls to be a slightly pitted or “stenciled”, but there was no significant wear banding. 




Figure 18. SEM Photos of Parts from Bearing 3-027. A) Ball with small lead 
platelets, B) Outer race, C) Inner race with lead platelet 

Conclusions 

The life test bearing assemblies lubricated with Pennzane SHF X2000 lubricant with 2% 
lead naphthenate (PbNp) operated within expected performance specifications 
(positioning accuracy and friction torque) for the duration of the life test (7+ years 
mission equivalent). Overall, system friction levels remained well within 10% of the 
established baseline level for the 37+ million cycles. Some variation in friction levels 
over temperature was noted but was not unexpected. 

The preload in the bearings was not measured during or after the test. However, a 
bearings “turns” test was completed before and after the life test that resulted in no 
change in the bearing contact angle. This finding suggests that bearing preloads did not 
change. 
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Little or no wear was observed on the bearing races or balls in any of the disassembled 
bearings. Very little (if any) degradation of the Pennzane lubricant was evidenced 
during the post-life-test analysis. Some dark friction polymer was observed on the 
bearing inner and outer races (contact areas) and ball retainers. This suggests the 
presence of a partially reacted PbNp film. Platelets of lead derived from the PbNp were 
also observed on the races and somewhat on the balls. These findings were consistent 
with results that showed a reduction in the percentage of lead in the analyzed NVRs 
(Table 3) of the remaining bearing lubricant. 

The elevation bearing life test was successful in confirming adequate life for the flight 
bearing system design and selected MT7-5-4 lubricant for the CERES elevation scan 
mechanism. Results from this life test should provide confidence to those planning to 
use similar Pennzane formulations in lightly loaded instrument grade low earth orbiting 
bearing systems. 
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Abstract 

To satisfy the tribological requirements of future spacecraft, improvements in lubricant 
performance are needed. A considerable amount of progress has been made in 
developing improved lubricants, additives, and materials, however, their performance 
has yet to be tested and ranked. In the present work, we have employed four ball and 
Cameron Plint techniques to rank and evaluate the performance of various Pennzane- 
based greases, either alone or in combination with coatings. 

Introduction 

Spacecraft utilize many moving assemblies. The current tribological requirements of 
these assemblies are usually satisfied by a variety of lubricants and materials. So far, 
spacecraft lifetime is predominantly limited by the failure of other systems such as 
batteries, electronics, thermal and optical systems. Technological advances in these 
other systems are making them more reliable. As spacecraft life expectancy 
increases, more spacecraft failures will be attributed to tribological limitations if 
corresponding advances in tribology do not occur [1 ,2], Thus the incorporation of 
improved lubricants and materials is necessary for the future lifetime (>15 years) 
requirements of spacecraft. 

Lubrication demands on satellite platforms generally fall into three categories: high 
speed, low speed, and mixed speed. Low speed space mechanisms operate below 
those speeds required to produce an elastohydrodynamic lubrication (EHL) film and 
thus have metal to metal contact. Such metal to metal contact can lead to high wear 
and eventually to mechanism failure. High speed mechanisms operate at speeds 
where the EHL film is maintained throughout the life of the bearing system. Although 
the presence of the EHL film minimizes wear, there is still intermittent asperity contact 
at full speed and transient wear during start-up. Mixed speed mechanisms operate at 
times at high speed and at other times at low speed, and thus are exposed to both 
EHL and boundary lubrication. To minimize wear in the space mechanisms, lubricants 
with advanced additives are needed. Wear can be further reduced by using a systems 
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approach where the advanced lubricants can be used in combination with metal parts 
coated with wear resistant coatings. This approach not only has the potential to 
greatly minimize wear (providing longer lifetime) but, by proper selection of the 
coating, it can also protect the metal parts from corrosion related failure. 

During the development of improved lubricants for space applications, a variety of 
tribological tests are generally used. The first level of tests may include a quick 
screening test such as the four-ball wear test, Cameron-Plint reciprocating test or other 
sliding tests. Although these tests may not provide the rolling/sliding contacts present 
in the real space application, they can provide a quick and economical screening of 
the tribological systems (base oil, grease, additive, coating and the bearing materials). 
The next level of tribological evaluations may include the rolling/sliding contacts under 
vacuum such as the ball-on-plate [3] or the eccentric bearing test [4]. The final 
tribological evaluations are generally conducted on actual flight hardware or in 
simulated life tests that attempt to duplicate the conditions of flight system operation. 
This approach usually produces useful results but it is very time consuming and 
expensive. It is therefore important to screen materials at the lower levels as 
thoroughly and as accurately as possible. In this work, the first levels of tribological 
tests are performed on candidate Pennzane-based greases using bearing steels with 
and without TiCN coating. 

Some of the manufacturers of the spacecraft mechanisms use liquid lubricants while 
others prefer grease lubricants. Four ball [5,6] and Cameron Plint [7] tests have been 
used routinely to evaluate the tribological performance of various liquid lubricants. In 
the present work, we have attempted to demonstrate the potential of four ball and 
Cameron Plint techniques in evaluating the tribological performance of Pennzane- 
based grease lubricants formulated with advanced additives. Cameron Plint tests 
were also conducted employing a systems approach where Pennzane-based greases 
were evaluated in combination with hard, wear resistant TiCN coatings. 


Experimental 

The Pennzane-based grease lubricants tested in this work are listed in Table 1 . Nye 
Rheolube 2000 (a sodium soap thickened Pennzane oil) was formulated as a base 
grease (A) without the usual aryl phosphate antiwear additive [8]. One percent of 
various advanced additives was blended into the base grease by first hand mixing and 
then by roll milling the grease three times. The greases with different additives are 
designated as B, C, D, and E (Table 1). The additives in grease B, C and E were 
provided “neat” from commercial sources with no carrier oil so that the additives have 
the lowest possible volatility. The additive in grease D was prepared in the Air Force 
Research Laboratory (AFRL). Except grease C, the other formulated greases were 
prepared at AFRL. Grease C was prepared at Nye Lubricants. Two steels (M50 and 
AISI 52100) commonly used in space bearings were evaluated. 

Four ball and Cameron Plint tests (for details on the test method, see ref. 7) were 
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conducted to characterize the Pennzane-based greases. In the four-ball test, the three 
test balls were clamped together and the fourth ball was used as a drive ball. Steel 
(AISI 52100) balls of 12.7-mm diameter were employed in this test. The grease 
lubricant, ~0.3 g was placed in the cavity formed by the test balls. Using a small 
amount of grease is a deviation from the standard ASTM D226-91 test; however, this 
was done to accelerate the test and also to conserve grease. This deviation still 
provided data within ASTM limits for repeatability of duplicate tests. The test 
conditions are given in Table 2. Duplicate tests were conducted for each grease. 

Table 1. Pennzane Based Greases 


Designation 


Nye Rheolube 2000 without antiwear additive A 

Lube A + 1% Ethylene Bis (dibutyldithio carbamate) B 

Lube A + 1% Resorcinol Bis (diphenylphosphate) C 

Lube A + 1% Tris (p - chlorophenoxyphenyl) Phosphate D 

Lube A + 1% Molybdenum Di (2-ethyl hexyl) Phosphorodithioate E 


Table 2: Test Conditions for the Four Ball Wear Test 


Load 

TTTKg 

Speed 

1200 RPM 

Temperature 

75°C 

Duration 

2 Hours 

Atmosphere 

Laboratory Air 

Maximum Hertzian Stress 

3.41 Gpa 

Material 

AISI 52100 


Table 3 : Test Conditions for the Cameron Plint Test 


Temperature 

100°C 

Stroke 

9 mm 

Cycle 

6 Hz 

Duration 

5 Hours 

Load 

250 N 

Maximum Hertzian Stress 

3.92 GPa 

Atmosphere 

Dry N 2 (<1% Relative Humidity) 


Cameron Plint tests were conducted in a ball (M50 steel, 6.35-mm diameter) on a disc 
(M50 steel) mode with reciprocating motion. The grease lubricant, -0.3 g, was placed 
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on the disc along the reciprocating path of the ball. Cameron Plint tests with steel 
discs coated with TiCN coating were also conducted. The discs were coated by a 
commercial source using cathodic arc technique. The test conditions are given in 
Table 3. Duplicate tests were conducted for each grease. 

Prior to the tests, the balls and the discs for the four ball and for the Cameron Plint tests 
were cleaned ultrasonically for 2-3 minutes in hexane and methanol. 


Results 


Four Ball Test 

The four ball wear tests on the greases listed in Table 1 were performed under the 
conditions described in Table 2. After completion of each test, the diameter of the 
wear scars on the three test balls was measured and the average wear area was 
calculated. The average ball wear areas of the two tests are plotted in Figure 1 . It is 
clear from Figure 1 that the greases with additives provided lower wear compared to 
the base grease. Grease C, with the phosphate additive, provided the lowest wear. 
The reduction in the ball wear from grease A to grease C is about 80%. 



0 ) 
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Greases 


Figure 1. Average wear scar area from four ball tests for Pennzane base 
grease and several additive formulations at one weight percent 

Cameron Plint Test 

The Pennzane-based greases listed in Table 1 were also evaluated for their 
tribological performance using the Cameron Plint test under the conditions listed in 
Table 3. After completion of each test, the wear scar diameter on the ball was 


216 



measured and the wear area was calculated. The ball wear areas for the various 
greases are plotted in Figure 2. Again it is clear that the greases with additives 
provided lower wear compared to the base grease (A). Also it was found that grease 
C produced the lowest wear. The reduction in ball wear from grease A to qrease C is 
>40%. 

The tribological performance of the Pennzane-based greases was also evaluated in a 
systems approach employing Cameron Plint tests. In this approach, steel discs were 
coated with a TiCN coating and the steel balls were uncoated. In previous work using 
grease B and as-deposited TiN coating, the ball wear was higher (2.46 mm 2 ) when 
compared to that against an uncoated steel disc (~0.7 mm 2 ). This was thought to be 
due to the higher coating hardness. However, after polishing the coating, the ball 
wear area reduced to 0.38 mm 2 . The average roughness of the as deposited and of 
the polished TiN coatings was 0.48 pm and 0.15 pm, respectively. This showed that a 
smooth hard coating would help in reducing the wear. Therefore, the TiCN coatings 
used in this work were polished with 9 pm diamond paste. The roughness profiles of 
the as-deposited and polished TiCN coated discs are shown in Figure 3(a, b). 



Figure 2. Average wear scar area from Cameron Plint tribometer for 
Pennzane base grease and several additive formulations at one weight 

percent 


The ball wear with various greases against polished TiCN coated discs are compared 
to the ball wear with uncoated discs in Figure 4. In general, the ball wear with 
polished TiCN coated discs was significantly lower compared to that with the uncoated 


217 



discs. Even with polished TiCN coated discs, the greases with the additives provided 
lower wear compared to the base grease (A). Similar to the four ball wear result, 
grease C provided the lowest wear. The TiCN coating reduced the ball wear by 40 ^ 
using the base grease (A) and the wear was further reduced when formulated grease 
(C) was used. A total wear reduction of >80% was observed when both the TiCN 
coating and grease (C) were used, compared to the uncoated disc and the base 
grease (A). This demonstrates that the TiCN coating (with appropriate surface 
roughness) in combination with properly formulated grease lubricant can substantially 
reduce the ball wear. 
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Figure 4. Comparison of the average wear scar area from Cameron Plint 
tribometer using coated and uncoated discs for Pennzane base grease 
and several additive formulations at one weight percent 

In a tribocomponent with metal to metal contact, the high reactivity of metals may 
cause either cold welding or adhesive wear. Ceramics such as TiN, TiC, TiCN etc., on 
the other hand are covalently bonded materials and generally have lower reactivity 
than metals. Thus the adhesive part of the overall wear in a tribocomponent can be ' 
minimized by avoiding metal to metal contact through the use of a ceramic coating. 

The observed wear reduction in the metal/ceramic (TiCN) contact compared to that in 
the metal/metal contact could be related to the lower adhesive wear in the former 
contact. 


Future Work 

The relationships between the ball wear and the roughness of the coated disc are 
currently being investigated. A sample of C grease will be prepared at AFRL to 
eliminate the grease preparation technique as a variable. The tribological 
performance of the greases will be tested with both tribocomponents coated, and with 
ceramic balls. The more promising new materials described in this paper will be 
further evaluated in vacuum pin-on-disc tester followed by vacuum bearing tests. 
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Conclusions & Lessons Learned 


1. The four-ball and the Cameron-Plint techniques provide quick and economical first 
level screening tests for the tribological performance of Pennzane-based greases. 

Both testers provided similar ranking of the additives. The grease with a resorcinol bis 
(diphenyl phosphate) additive reduced wear the most. 

2. The wear was reduced when a polished TiCN coated disc was used with both the 
unformulated and formulated Pennzane-based greases. Maximum wear reduction 
was obtained when both the coating and the grease formulated with resorcinol bis 
(diphenylphosphate) additive were used. 
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Abstract 

The De-Spinning Mechanism (DSM) for the Geostationary Earth Radiation Budget 
instrument (GERB) utilizes continuously rotating dry lubricated bearings rotating at a 
speed of 50 rpm under a 1 6 g constant centrifugal acceleration. A series of horizontal 
axis bearing tests under 1 g was first performed on six lubricant options in order to 
select the three best to be subsequently tested on a specially built centrifuge. In the 
centrifuge test, all three chosen options failed before reaching the required equivalent 
3.5-year operational life in revolutions. The wear debris caused the bearings to jam, 
as insufficient room was available for debris to escape. Nevertheless, all the 
lubricants and the bearing parts were still in very good condition at test conclusion. 

Introduction 

The GERB instrument, to be flown on the Meteosat Second Generation geostationary 
spinning spacecraft, measures the long wavelength Earth emitted radiation by thermal 
effects and the short wavelength reflected solar radiation. The whole Earth disc, seen 
by the spacecraft in geostationary orbit, is imaged in both wavelength bands once 
every 15 minutes. It is mounted on the periphery of the 100-rpm spinning spacecraft at 
about 1 .5 m from its axis and therefore subjected to a constant acceleration of 16 g. 

The double mirror De-Spinning Mechanism is a subsystem that is counter-spinning at 
50 rpm and generates one 40 ms stationary image of the Earth for each revolution of 
the spacecraft. The mechanism’s ball bearings have been designed to be dry 
lubricated due to the very close proximity of the instrument’s optical surfaces that 
transmit along the extended wavelength range. The planned life is in excess of 3.5 
years continuously rotating at 50 rpm under a constant acceleration of about 16 g. For 
a ball bearing operating under constant 1 6 g acceleration, not merely the life of the dry 
lubricant film, but also the wear of the ball separators and location of wear products 
has been a key challenge from the outset. From the start of the mechanism design, the 
necessity to test in vacuum on a specially built centrifuge was considered mandatory 
due to the unusual friction and wear issues under these conditions. With the current 
technology, no proven solution exists for an expected life in vacuum in excess of 100 
million revolutions (i.e., 115 million revolutions, taking into account design safety 
margins). 
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Dry Lubricant Trade off 


Two thin film dry lubrication techniques have been investigated: 

• Ion-plated lead as used for many years in European space applications, and in 1 g 
conditions has performed >10 9 revolutions in ground vacuum tests 

• PLASMAG MoS 2 coating, which is superior in film durability to the older magnetron 
sputtered MoS 2 film types. 

Both techniques benefit from the presence of a lubricating ball separator material that 
assists in the long-term lubrication process necessary for extended durations. 

For the ion-plated lead, the retainer material is classically lead bronze (LB9), which re- 
supplies lead to the tribological contacts as interactions occur between ball and cage. 
In vacuum, lead films are remarkably durable and insensitive to load. However, wear 
of the cage in long-term testing in 1-g vacuum environment is a source of wear debris 
and increased torque noise. Hence, cage wear is a critical issue in a continuous 1 6-g 
vacuum environment (on ground and in space). 

In the case of MoS 2 film, the classic solution is to use a RT Duroid PTFE/MoS/glass 
fiber retainer. Initially, the as-deposited MoS 2 film provides the lubrication, followed 
by, upon film wear out, transfer of the lubricant from the PTFE material of the retainer. 
At this second stage, the friction coefficient increases and the torque rises. The failure 
mode with a RT Duroid PTFE/MoS/glass fiber retainer is in one of two main ways: 
either, for peak contact stresses below 1 .2 GPa, the as-deposited film will be worn out, 
followed by retainer wear as PTFE lubricant is then transferred to raceways; or at 
higher stress levels, the bearing steel is worn away after as-deposited film wears out 
and the retainer is ineffective in providing additional lubrication. 

VESPEL SP3, polyimide with MoS 2 dispersions, has also been considered a 
candidate retainer material, though offering much high frictional noise than RT Duroid. 

Retainer Trade off 

Caged and cageless options (e.g., metal ball retainers, polymer ball retainers, polymer 
toroid separators, metal ball separators, polymer ball separators, etc.) were 
considered in the trade study performed. 

Due to its good proven performance in 1 g and space conditions, ion-plated lead 
lubrication with a “minimum mass” lead bronze cage was considered for the 
development test as a test reference benchmark. However, because of its wear rate 
and mass, a one-piece LB9 cage did not appear to be a satisfactory concept as a flight 
solution in 16 g conditions. Cageless alternatives were considered since the LB9 cage 
was calculated to be almost completely worn out against the land of the bearing inner 
ring. 
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A cageless option, which replaces the sliding wear between cage and land with rolling 
wear between ball and race, appeared very promising. The evaluation of alternate 
lubricating balls for this application in place of the more standard cage was considered 
first. While no directly equivalent test data were available, the expected benefits were 
that the effect of the 16 g will be significantly reduced, and with no significant drag 
torque effects. 

A cageless bearing option with a full complement of all steel balls was also suggested 
to be evaluated (relying on the as-deposited lubricant film). Further options in the form 
of bearings with a polymer cage or toroids or separator balls were proposed for 
evaluation for the development test, as polymers can exhibit low wear rate in vacuum. 
Trying to combine the minimum mass LB9 cage heritage of the successful baselined 
option with the expected good wear rate and light mass of VESPEL SP3, Officine 
Galileo first suggested a hybrid cage option, made from VESPEL SP3 with LB9 
inserts. 

Cages had to be designed with adequate ball to cage clearance in order to mitigate 
the non-standard bearing orientation effect. This is especially true for the "heavy" lead 
bronze cage and hybrid polymer cage with lead bronze inserts. A pocket diameter of 8 
mm was chosen rather than the more normal 7.4 mm (for a ball of diameter 7.14 mm). 

Non-standard effects will occur on the centrifuge life test with 16 g acceleration 
applied at all times to the bearings. First, any cage will be pressed continually against 
the land of the bearing causing wear and increased friction torque. Secondly, the 
balls will interact more with the cage as they have to drive the cage around the bearing 
against this resisting torque. This process will also result in heavier wear of the cage 
pockets than is normally found. 


Bearing Selection 

The bearings chosen for the DSM mechanism and for life test are the type SNFA EX25 
(see Table 1 for characteristics). These ABEC 7 standard bearings are made from 
AISI 52100 bearing steel, though AISI 440C stainless steel is usually preferred 
because of its increased resistance to rusting. However in this application, with lead 
protecting the bearings, 52100 will prove acceptable. 
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Table 1. Flight Bearing Characteristics 


SNFA EX25 

Bearing type 

angular contact 

Inner diameter 

0 25 mm 

outer diameter 

0 47 mm 

Width 

12 mm 

ball complement 

13 

ball size 

0 7.14 mm 

Contact angle 

15 deg 

Precision class 

ABEC 7 

Bearing 

conformity 

1.08 

Material 

52100 steel 


A quite high conformity number (1 .08) was adopted for the bearing. Though a lower 
conformity number gives enhanced load carrying capacity, it also leads to increased 
sensitivity to ball misbehavior and cage interactions. Given that the GERB bearing 
retainer will suffer drag due to friction with the raceway, it is considered more important 
that the chosen bearing should be less sensitive to ball misbehavior and therefore the 
conformity should be higher rather than lower. 

Horizontal Axis Development Test 

Six different lubricants were submitted to development test before starting the vacuum 
life test in the centrifuge. The test bearing axis was horizontal and the tests were 
conducted for 10 million accelerated revolutions. In this way, data could be made 
available prior to down selection for the centrifuge test, albeit for a limited number of 
revolutions and with a 1 g applied force on the system. 

For the development test, SNFA ED 20 bearings with 7.14 ball size and ABEC 7 
precision were chosen because they were readily available at ESTL. The six test 
bearing configurations and lubricant types are shown in Table 2. 

Tests were performed at 500 rpm in vacuum on a dedicated test set up with the 
bearing axis horizontal. Belleville washers on the inner raceway applied a 25-N 
preload. At regular intervals, measurement of torque was performed by reversing for a 
few revs at first 500 and then 50 rpm. Before each test, a 28x1 0 3 revolution run-in was 
performed in vacuum. 
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(mNm) 


Table 2. Development Test Options 


Test 

Number 

Ball Details 

Raceway 

Lubrication 

Cage Details 

2 

6 steel plus 6 LB9 

Lead ion plated 
Inner and outer 

cageless 

3 

1 0 steel 

normal complement 

Lead ion plated 
Inner and outer 

minimum mass 
LB9 cage 

4 

1 0 steel 

normal complement 

PLASMAG MoS 2 
1pm coating 

DUROID cage 

5 

12 all steel 
PLASMAG MoS 2 

PLASMAG MoS 2 
1pm coating 

cageless 

6 

6 steel plus 
6 VESPEL SP3 

PLASMAG MoS 2 
1pm coating 

cageless 

7 

1 0 steel 

normal complement 

Lead ion plated 
Inner and outer 

VESPEL SP3 
with LB9 insert 


The following figures of graphs give test results. 


Cageless Bearing Test 02 
Lead Coated ED20, Alternate Steel/LB9 Balls 
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Figure 1. GERB Test Development Option #2 
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Figure 2. GERB Development Option #3 


GERB Bearing Test 04 

MoS2 coated ED20, Duroid Cage & Steel Balls 
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Figure 3. GERB Bearing Development Option #4 
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Figure 4. GERB Bearing Development Option #5 
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Figure 5. GERB Bearing Development Option #6 
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Torque (mNm) 


GERB Bearing Test 07 

Lead coated ED20, Steel Balls with Vespel Cage & Lead Bronze Inserts 



2345678 9 10 


Millions 

Figure 6. GERB Development Option #7 

The lead bronze balls (the upper ones in Figure 7a) are highly polished with some 
signs of pitting. In addition, in natural light there are smears of lead visible on these 
balls. The steel balls have a dull coating of lead. 



Figure 7a (left). Option # 2, Lead Bronze and Steel Balls. 

Figure 7b (right). Option # 3, Minimum Mass Lead Bronze Cage 

The raceways were very shiny and there was no sign of remaining ion-plated lead in 
the contact zone. Excessive lubrication had transferred to the raceway from the balls, 
hence the relatively noisy torque signal, shown in Figure 1. 
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The lead bronze minimum-mass cages (see one of the cages in Figure 7b) are highly 
polished on the rubbing faces with considerable wear in the ball pockets. There was a 
light transfer film on the balls and the raceways were in good condition. 



Figure 8a (left). Option # 4, DUROID Cage 
Figure 8b (right). Option # 6, VESPEL SP3 and Steel Balls 

The RT DUROID cage in Figure 8a has light polishing where it is in contact with the 
raceways. There are ball contact zones around the circumference of the ball pockets. 
The raceways are in good condition with a light transfer film of PTFE from the cages 
above the MoS 2 . 

The MoS 2 coated all-steel ball bearings of Option #5 had no heavy wear; but the 
raceway showed the wear of the central shiny zone where contact with steel is just 
occurring and hence causing anomalous high torque levels (Figure 5). 

The raceways of Option #6 were in excellent condition with just a light transfer film of 
VESPEL SP3. The steel balls show dull transfer film and the VESPEL balls show no 
signs of wear (Figure 8b). It should be noted that the manufacturing lines on the 
VESPEL balls are still present on the “non-polished" ball surface. 

The two bearings in Option #7, with hybrid VESPEL cage and LB9 insets, behaved 
differently: the “upper” bearing cage showed light wear of the VESPEL where in 
contact with the raceways and nice clearly defined wear zone in the ball pockets; the 
other cage showed much heavier wear in the ball pockets with a corresponding 
transfer to the raceways of lead bronze. It is assumed that this behavior caused the 
noisier torque trace (Figure 6) and suggests some degree of misalignment. An 
optimized cage design for the centrifuge life test will help to avoid any chance of 
misalignment. 
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On the basis of the test results the following conclusions were drawn: 

• The use of MoS2 coating alone with cageless all steel balls (Option #5) is not 
acceptable since the tests have shown wear of the film. 

• The use of the baselined minimum-mass lead bronze cage (Option #3) appears to 
be unacceptable, since the wear simply due to the sliding is unacceptably high 
(7.6 g wear per cage per 1 1 5*1 0 6 rev was calculated against a cage mass of 
13.4 g). 

• Any one of the remaining four options has no major reasons to be excluded from 
the centrifuge life test. 

Because a long life is required, the two lead lubricated options, Option #2 and Option 
#7, were suggested for the centrifuge life test campaign and are to be incorporated 
with the cageless MoS 2 lubricated Option #6 with alternate VESPEL balls. Should any 
of these fail in service, then the DUROID cage option (Option #4) would be the first 
reserve. 

Nevertheless these selected options also have some drawbacks: 

• The cageless alternate LB9 ball option was relatively noisy throughout the test and 
implications on the electronic control system design of the GERB mechanism will 
need further consideration; 

• The hybrid VESPEL cage option also gave some concern with the amount of wear 
in the development tests; 

• The use of the cageless alternate VESPEL ball option is a totally previously untried 
concept and, although this option has given the best results during the 
development tests, there is no supporting evidence to confirm that it will reach the 
required revs. 


Centrifuge Vacuum Life Test 

The selected option bearings were tested as pairs in a simplified Life Test Model 
(LTM) station representative of the flight despinning mechanism in terms of bearings, 
mounting configuration, type and value of preloading, design and dimensions of the 
debris shields and labyrinths. Test spinning speed was 500 rpm, ten times more than 
operational speed. 

A soft spring 50 N preload, applied by helical spring on the outer raceway, was 
adopted in order to allow more build up of wear products without torque run-away. 

The configuration of the three life test stations is defined on Table 3. The three test 
stations are mounted on the centrifuge plate, rotating at about 250 rpm to generate 16 
g. A picture of the ESTL centrifuge is shown in Figure 9. 
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Table 3. Life Test Model Description 


Test 

Station 

Cage 

Lubrication 

Balls 

LTM #1 

VESPEL cage with LB9 
inserts 

Lead ion- 
plated 

9 steel balls 

LTM #2 

Cageless 

PLASMAG 

MoS, 

6 alternate VESPEL plus 6 
steel balls 

LTM #3 

Cageless 

Lead ion- 
plated 

6 alternate LB9 plus 6 steel 
balls 



Figure 9. Vacuum Test Centrifuge 

The electronic control system was purposely designed by the Rutherford Appleton 
Laboratory (RAL) to rotate the mirror at constant speed during the 40 ms exposure 
period with very little variation or jitter. Since it was expected that bearing friction 
would vary during the lifetime in the instrument, the system is designed to 
accommodate changes in average friction and transient torque peaks. The system will 
generate a maximum torque of approximately 300 mN*m. The agreed provisional 
figure of the mean torque, that will constitute the pass/fail for the centrifuge test, was 
set at 100 mN*m. 

The test started in early May 1 998, when flight mechanism parts were already 
manufactured and ready for mounting. After less than 5 million revolutions, both 
cageless options stopped rotating due to excessive mean friction torque value. The 
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Figure 10a &10 b. LTM #2 and LTM #3 Life test Graphs 
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Figure 11. LTM #1 Life Test Graph 

The hybrid cage option, LTM #1, continued up to 74.4 million revolutions, when the 
friction torque surpassed 300 mN*m (Figure 11). This number of revolutions 




represents a 2.8 equivalent year continuous operational life whereas a 3.5 equivalent 
year life was the aim. 

From visual inspection of the hybrid cage option, lead bronze debris was observed 
concentrated on a small arc of about 30 deg in the direction of the 16-g acceleration 
(Figures 12a and 12b). After removal from the facility, at first the bearings could not be 
rotated by hand, but once the debris was removed by gently tapping, the bearings 
rotated freely. 



Figure 12a & 12b Views of Location of Debris on the Upper Bearinq of 

LTM #1. 


Bearing inspection showed lead lubricant is still present on the raceways. The inserts 
of the cages were also in good condition with wear inside the ball pockets as predicted 
and heavy polishing of VESPEL where it slides on the raceway lands. There was no 
indication that the lead bronze inserts had worn through to the polymer. For the hybrid 
cage option, from the state of the components it is assumed that a further enhanced life 
up to 5-year on-orbit equivalent life could be achieved, given sufficient room for the 
debris to escape the bearings. In Figures 13a and 13b, the wear zones in the inserts 
of the hybrid cage are shown. Particularly in Figure 13b, the wear zone is clearly well 
defined. 

The same concentrated debris distribution was also repeated for the cageless bearing 
options. This heavy concentration of debris also caused the cageless bearings to be 
locked against free rotation and, again, when the debris was removed by shaking 
gently, the bearings could rotate freely and smoothly. It is clear that the self-lubricating 
balls are not an option for this application as their wear, torque and life performance 
was not acceptable. 


233 



Figures 13a and 13b. Hybrid Cage and Detail 

Clearly in all centrifuge test options, although with different duration, the wear products 
have been concentrated into one small zone by the centrifugal acceleration and this 
has acted to choke and seize the bearings. 

Wear Volume and Debris Choking 

Choking of the lower bearing, where about 50 % less room than for the upper one was 
available for wear product collection, has always caused stoppages of LTM’s. The 
following Table 4 gives the measured wear after centrifuge tests. 

Table 4. Life Test Bearing Wear 


Life test 
Station 

Duration, 
1 0 6 revs 

Lower 
Bearing 
Mass Loss 

Upper Bearing 
Mass Loss 

Wear Rate, 
10‘ 6 x m 3 /mN 

Calculated wear 
per 

cage @ 75 M 
revs 

LTM# 1 

74.4 

618 mg 

1 14 mg 

62 (LB9) 

83 mg 

LTM #2 

4.2 

315 mg 

81 mg 

3 (SP3) 

- 

LTM #3 

4.0 

1230 mg 

290 mg 

62 (LB9) 

- 


A comparison between predicted and measured wear rates for LTM #1 shows good 
correlation for the upper bearing mass loss. The increased loss in the lower bearing is 
attributed to the smaller free volume for debris to escape into and hence increased 
interaction is occurring between ball and cage due to disturbance in ball motion. It is 
compounded also by the tendency of wear debris generated to migrate to the lower 
bearing. 
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Comparison between predicted and measured wear and debris in pairs LTM #2 & 
LTM #3 is not considered useful as the forces to generate the ball wear are unknown 
and hence a prediction cannot be derived with any confidence. 

LTM #1 stopped when an “actual” LB9 debris volume of 98 mm 3 , calculated for a 70% 
lead bronze density, was generated. This volume corresponds to a calculated 30-deg 
arc of debris distribution, in good agreement with test results (Figures 12a, 12b). 


Conclusion 

The centrifuge tests gave decisive information for the already developed flight design 
and flight parts of the GERB de-spinning mechanism. The generation of debris was 
somewhat higher and much more concentrated on a little arc of the bearing seat than 
what could be expected. In practice, only the lack of enough room for the debris on the 
bearing seat caused the LTM's to stop. From the tribological aspect all the lubricants 
and bearing parts of the LTM #1 were still in good condition at test conclusion. 

Indeed, the previous horizontal axis tests gave a large amount of interesting 
tribological information but with surprisingly little application for the flight options. Also 
the expected lower wear rate (and lower drag) of the cageless option were not found. 
From the centrifuge test, the debris production of the cageless options was much more 
than what was expected. On the other hand, the debris production for the hybrid cage 
option was in good accordance with the calculated figure. Both designs of the 
mechanism flight unit and LTM showed lack of room for debris collection. 

During the GERB Optical Unit integration, minor changes of the seats and labyrinth 
seals of the bearings for increased debris room were implemented on the DSM Spare 
Model. This unit was to be substituted for the flight mechanism on GERB before the 
calibration of the instrument. In the meantime, RAL and Officine Galileo planned a 
new centrifuge test series of the hybrid cage option at ESTL on a LTM modified in 
accordance to the DSM Spare Model to be flown. Two other improved life hybrid cage 
options will be tested for an extended 7-year operating life in orbit. 
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Abstract 

A vacuum ball-on-plate rolling contact tribometer was used to determine the relative 
lifetimes of a perfluoropolyether (Krytox 143 AC) on 440C stainless steel. The effect of 
mean Hertzian stresses (0.75, 1.0, 1.5 and 2.0 GPa) and the use of TiC-coated balls 
on lubricant lifetime was studied. Other conditions included: 100 rpm, 50 pg of 
lubricant, an initial vacuum level of < 1.0 x 10' 8 Torr, and room temperature (23°C) 
Increasing the mean Hertzian stress from 0.75 to 2.0 GPa results in an exponential 
decrease in lubricant lifetime for both material combinations. However, substituting a 
TiC ball for the 440C ball quadrupled lifetime at low stress levels (0 75 and 1 0 GPa) 
and doubled life at higher stresses (1 .5 and 2.0 GPa). The reduced reactivity of the 
TiC surface with the PFPE lubricant is considered to be the reason for this 
enhancement. Decreasing lifetime with increasing stress levels correlated well with 
energy dissipation calculations. 


Introduction 

The materials revolution from improved steels to new-generation, advanced materials 
such as technical ceramics or wear resistant, low friction coatings, made its 
Int “ n int l ° baN bearing technology several years ago. Today, much has been 
published on the properties and advantages of hybrid bearings (steel races and 
ceramic - essentially Si 3 N 4 - balls), used on a regular basis in machine tool 
applications. Pseudo-hybrid bearings (steel races and ceramic coated - essentially 
TiC-steel - balls) are state-of-the-art today in many aerospace applications; e.q. 
inertial navigation instruments and space mechanisms. The properties of TiC balls 
[1 ,2,3] and their performance in rolling contacts have been reported [4, 5], 

TiC balls have important features, which make them a favorable compromise to 
conventional and hybrid bearings. TiC balls have the same bulk properties as steel 
balls (i.e elasticity, thermal expansion, and density) and therefore do not influence the 
bearing load capacity and stiffness. In addition, solid preloaded pseudo-hybrid 
bearings allow more thermal excursions than hybrid bearings. TiC balls have similar 
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surface properties as ceramic balls (i.e. chemical inertness, hardness, low friction, 
wear resistance, and smoothness) and therefore do influence the surface-lubricant 
reactions during asperity collisions [6]. 

Because of the improved surface roughness of TiC balls, less asperity interactions 
occur. When interactions do occur, there is a strongly decreased tendency for micro- 
welding, accompanied by negligible material transfer and surface roughening. The 
raceway surface deterioration in a pseudo-hybrid bearing was found to be much 
smaller than for conventional, all-steel bearings [7]. 

Initially, TiC balls were developed to operate in bearings for space mechanisms 
without lubrication. Although some of these dry bearings are still used in space, the 
great majority of applications utilize conventional liquid lubricants and greases. For 
example, the GOES weather satellite program uses TiC balls for all of their Krytox 
lubricated bearings. 

Krytox represents a series of polymeric perfluoropolyethers (PFPEs) manufactured by 
DuPont [8]. All unformulated PFPEs function in a corrosive wear mode during mixed 
or boundary lubrication [9]. This wear mode, which results in the formation of surface 
fluorides, allows lubricated contacts to survive without catastrophic failure. However, 
these surface fluorides accelerate the destruction of the PFPE, eventually resulting in 
contact failure as the lubricant is totally consumed. It has been shown by Carre [10] 
that the substitution of solid ceramic balls (silicon nitride) or TiN coatings can extend 
the performance of PFPEs by a factor of 5 to 10 times. This same study showed a 
decrease in bearing lifetime with increasing Hertzian stress. 


The objective of this work was twofold. First, the effect of a wide range of mean 
Hertzian stress (0.75, 1 .0, 1 .5, and 2.0 GPa) on lubricant lifetime of a 
perfluoropolyether (Krytox 143 AC) on 440C steel was studied using a vacuum ball- 
on-plate tribometer. Secondly, the effect of substituting a TiC ball under the same 
conditions was determined. Other conditions included 100 rpm, 50 pg of lubricant, 
room temperature (23°C), and an initial vacuum of <1.0 x 10- 8 Torr. 

Experimental 

The NASA Ball on Plate Rolling Contact Tribometer (BoP) was used for all tests. This 
device (Figure 1) is essentially a thrust bearing using a single bearing ball and two flat 
races having contact stresses and ball motions similar to those in an angular contact 
ball bearing. This tribometer is fully described in Reference 11. Other details appear 
in References 12 and 13. Balls and plates are cleaned with a series of solvents and a 
final cleaning using UV-ozone. The ball is then lubricated with approximately 50 
micrograms of Krytox 143 AC. This is accomplished by placing droplets of a Freon 
1 13 solution of Krytox on a rotating ball. As the solvent evaporates, a Krytox film is 
deposited. The final lubricant charge is determined by weighing the ball before and 
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after deposition using a sensitive microgram balance. The plates are unlubricated. 
The ball is placed between the plates and loaded to the desired stress. When the 
vacuum level reaches 1x10 8 Torr, the test is automatically started. As the upper plate 
rotates (100 rpm), the ball is driven in a spiral orbit. At this speed, the system operates 
in the boundary lubrication regime. A force transducer in the mounting arm of the 
guide plate (Figure 1) measures the force required to nudge the ball back into the 
original orbit. As the lubricant is consumed during the rolling process, this force 
increases until at some predetermined friction coefficient (0.75 for these tests), the test 
is automatically terminated. A typical coefficient of friction as a function of test time 
appears in Figure 2. In addition, other parameters (contact resistance and system 
pressure) are monitored during the test. An example of system pressure as a function 
of test duration for the test from Figure 2 appears in Figure 3. 
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Pressure (Torr xlCT 8 ) ® Coefficient of Friction 



Top Plate Revolutions 
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Results 


Lubricant Lifetimes 

The effect of mean Hertzian contact stress on lubricant lifetime is shown in Figure 4. 
Each condition represents from four to eight tests, except for the 2.0 GPa TiC condition 
that was only run twice. Normalized lubricant lifetime as the number of top plate 
revolutions per microgram of lubricant is plotted for four different mean stress levels 
(0.75, 1.0, 1.5, and 2.0 GPa). In addition, data for TiC balls under the same conditions 
is shown. An exponential decrease in lubricant lifetime as a function of contact stress 
is evident for both material combinations. However, it is also clear that the substitution 
of a TiC ball enhances lubricant lifetime at all conditions. Life is quadrupled at 0.75 
and 1 .0 GPa and doubled at 1 .5 and 2.0 GPa. 



Figure 4. Effect of Hertzian stress on lubricant lifetimes using 440C and TiC 

coated bearing balls 


Surface Chemical Analysis 

Several balls from selected tests were analyzed at test conclusion with X-ray 
photoelectron spectroscopy (XPS) and p-Fourier Transform Infrared Spectroscopy (p- 
FTIR). In addition, a 440C ball run to 4400 cycles at 1.5 GPa (half-life) was also 
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analyzed. Minimal amount of metallic fluoride is seen on the half-life test. In contrast, 
a large amount of metallic fluoride is evident on the specimen run to test conclusion. 
Surface fluoride was evident on all balls run to test conclusion. However, the amount 
of fluoride was quite variable. There was no correlation with stress level. 

Discussion 

The Hertzian contact region in a rolling element bearing is essentially a microchemical 
reactor. In this high pressure region, the lubricant can undergo chemical reactions 
due to the asperity interactions and catalytic effects of the surfaces. For PFPE 
lubricants, these reactions include: chain scission, cross linking, unzipping, 
defluorination, and eventual conversion into a graphitic amorphous carbon [14]. 

In the ball-on-plate tribometer, most of the orbit represents the normal rolling with pivot 
[15] that is seen in instrument bearings. When the spiraling ball contacts the guide 
plate, it is forced back into the original (smaller radius) orbit. During this process, 
termed the scrub, pure sliding takes place between the ball and upper plate. The 
distance of the scrub is typically about 4 mm. The force generated during the scrub 
allows the coefficient of friction to be determined. 

Fnerav Dissipation 

Energy is dissipated in the Hertzian contact as a result of pivoting during the rolling 
portion of the orbit and in the scrub, at the pure sliding contact at the upper plate. This 
energy dissipation is the driving force for lubricant degradation. It is obvious that for 
the Krytox lubricant of this study and PFPEs in general, degradation is initiated 
immediately during the rolling process. There is an immediate rise in system pressure 
and an appearance of PFPE fragments in the residual gas analysis. In addition, the 
intensity of fluorocarbon fragment emission increases during the scrub. 

A detailed analysis of energy loss during rolling/sliding in a 3 ball system appears in 
Reference 1 1 . The same analysis can be applied to the present one ball operation. 
The total energy dissipation per unit time is termed “severity”. The severity can be 
integrated over a complete orbit. Since the lubricant is only on the ball (at least 
initially), the fraction of the ball’s surface rolled upon per orbit must also be considered. 
Then, assuming that lubricant lifetime is inversely proportional to the energy dissipated 
during an orbit, one can calculate a relative lifetime at different stresses. This data, 
plotted as a function of load, appears in Figure 5. All data is normalized to the highest 
load. Experimental data for relative lifetimes for both 440C and TiC appear, as well. 
There is good agreement between the calculated and experimental results. Thus, the 
load dependence on lubricant lifetime may be understood on the basis of lubricant 
degradation by frictional energy dissipation at the ball/plate contacts. 
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Figure 5. Relative lifetime of Krytox 143AC as a function of load in the 

BoP Tribometer 


Rate of Lubricant Degradation 

As stated earlier, lubricant degradation commences immediately as the ball starts to 
roll and increases by an order of magnitude during the scrub. By studying the friction 
force and pressure curves during a test, it appears that this degradation is relatively 
constant until late into the test. For Krytox, there is a rise in system pressure at about 
80 to 90% of life followed by an abrupt increase in friction, which results in test 
termination. ji-FTIR analysis of the balls indicates very little lubricant remaining and 

what is left is severely degraded. XPS analysis indicates the formation of metallic 
surface fluoride. 

Zehe and Faut [16] have shown that reactions of a linear PFPE fluid and iron oxide 
powder involves a two stage process. The first stage is the slow catalytic 
decomposition of the PFPE, which generates highly reactive fluorocarbon species, 
which attack and eventually convert the oxide to fluoride. The second stage involves 
the rapid degradation of the PFPE by the much more catalytic iron fluoride. This 
appears to be the process involved here. 

TiC versus 44QC 

Shogrin, et al [17], performed ball on disc pure sliding experiments with 440C 
specimens implanted with various species (disc only) and lubricated with Krytox 143 
AC. Lubricated lifetimes were enhanced by implantation with either Ti or a 
combination of Ti + C. It was postulated that these implanted species produced a 
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passivating layer that reduced the catalytic degradation of the Krytox lubricant, thus 
increasing lifetime. The life enhancement using TiC balls in the current study is 
considered to be a similar phenomenon. 

Conclusions 

1 For space bearing applications where perfluoropolyether lubricants (such as 
Krytox) are chosen, the use of TiC balls is beneficial. 

2. The lifetimes of perfluoropolyether lubricants used for long-term space 
applications will be adversely affected by high Hertzian contact stresses. 

3. The life enhancement gained by using TiC instead of 440C steel balls 
decreases with increasing stress level. 

4. Relative lubricant lifetime can be correlated with the severity of energy 
dissipation in the rolling/sliding contacts. 
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Abstract 

This paper presents the main results of a test program carried out on various harmonic 
drive (HD) gears by ARTEC under a CNES contract. The objective was to obtain 
specific information on HD performance. The gears were tested under a space- 
representative environment (low speed and low torque, Pennzane and Fomblin-based 
lubrication, from -10°C to 75°C). Various HD configurations were tested in order to 
study the influence of size, ratio, torque, temperature, material, speed and lubrication. 
This paper describes the test bench and presents some of the test program results. 

Introduction 

Harmonic Drive gearboxes are used worldwide in many space mechanisms (e.g., 
antenna pointing, deployment). Accuracy and dynamic-induced torque must be more 
and more controlled and checked. These characteristics must be controlled as early 
as possible in the project. HD gears are very specialized, and although much 
technical information is available, it is very difficult to have reliable data on those 
dedicated to space applications. In such applications, these gears are used at very 
low speed with low torque and with special lubricants. 

A test program has been carried out by ARTEC Aerospace under a CNES contract in 
order to analyze HD space-oriented performances. Specific space-qualified 
lubrication has been used (Pennzane® and Fomblin®-based lubrication); stainless 
steel HD’s were tested; and various size, kind and ratio units were compared (8 HD 
configurations). The parameters measured are primarily driving torque from 0 to 
1800 °/s, accuracy and damping. Temperature influence has been analyzed from 
— 1 0°C to 50°C. This paper presents some of the main results from the test program. 

Test Bench 


Description 

The test bench is based on a massive steel structure in order to be much stiffer than 
the tested HD (Figure 1). HD’s were mounted with their axis vertical. A stepper motor 
is connected to the input shaft. Load is simulated by a 5 kg-m 2 inertia and a brake. 
Two optical encoders measure input and output shaft position. Two torque meters 
measure input and output torque. The test bench is placed inside a nitrogen chamber 
in order to prevent ice formation at low temperatures. A cryogenic device and specific 
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heaters control the temperature from -10°C to 50°C. A Windows-based data 
acquisition software controls motor speed rotation and performs four channel 
recording up to 1 kHz. 



Inertia 


Figure 1. ARTEC mechanical test bench 


Test Equipment 

- The test bench can measure input torque up to 0.5 N-m and output torque up to 
50 N-m. 

- The input encoder accuracy is 0.01°; the output encoder accuracy is 0.001°. 

- The stepper motor has 200 steps and is controlled with 64 microsteps per step. 
Torque capacity is 0.8 N-m. Maximum operating speed is 1400 °/s. An optional 
direct current motor is available for higher speeds. 

- Output brake has been used up to 50 N-m. 

- HD temperature has been controlled from -35°C to 75°C. 

Typical behavior 

Various measurements have been carried out on 8 HD configurations. These 
configurations are presented Table 1. 
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Table 1. HD configurations 


Reference 

HD Type 

Size 

Ratio 

Material 

Lubrication 

Measurement 

goal 

R1L1 

HFUC 

25 

160 

Steel 

Pennzane® 

Reference 

R1L2 

HFUC 

25 

160 

Steel 

Fomblin® 

Lubrication 

influence 

R2L1 

HFUC 

25 

160 

Steel 

Pennzane® 

ramgiimnnMi 

R4L1 

HDUC 

25 

160 

Steel 

Pennzane® 

Type influence 

R5L1 

HDUC 

25 

160 

Stainless 

steel 

Pennzane® 

Material influence 

R6L1 

HFUC 

20 

160 

Steel 

Pennzane® 

Size influence 

R8L1 

HFUC 

20 

100 

Steel 

Pennzane® 

Ratio influence 

WG5 

HDUC 

without 
Circular spline 

25 

160 

Stainless 

steel 

Pennzane® 

General 

information 


The following paragraphs point out common behavior. 

No load driving torque 

The input torque necessary to drive a HD is a very important characteristic for 
mechanism conception. Driving torque has been measured from 0 to 14007s. Figure 
2 shows typical Pennzane-lubricated HD input torque from -10°C to 50°C without any 
output load. 


HFUC 25 160 no load driving torque with Pennzane 



Figure 2. HFUC25 160 Driving torque 


Specific phenomena happen at low speed. A logarithmic graph is more suitable to 
analyze them (Figure 3). 
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HFUC 25-1 60 driving torque 



Driving torque decreases slightly from 2°/s to 1007s at room temperature and then 
increases for higher speeds. At 50°C, low speed torque is higher than high-speed 
torque. At low temperature (-10°C), torque always increases with temperature. 

Amazingly, at low speed, Pennzane-lubricated HD’s exhibit more driving torque at 
high temperature than at low temperature! This behavior is not seen with Fomblin 
lubrication. 

Output load influence 

When output break torque is applied, input driving torque obviously increases. 

Loaded driving torque can be artificially decomposed into three components: 

C/R, which is the output torque divided by HD ratio 

C no , oad , which is the previously measured no-load driving torque at 22°C 

^efficiency which is defined as C e (fi CienC y = C Measured — C/R - C no | 0ad where C Measured is the 

input measured torque with output load. 

Figure 4 shows those components for 2, 5, 12 and 25 N-m. C e „ iclency is quite negligible 
from 0 to 14007s. At room temperature, from 2 to 25 N-m, input torque is mainly 
composed of no-load driving torque plus output load divided by HD ratio. This means 
that output load does not imply additional internal torque. It is also true at high 
temperature. At low temperature and high speed, an additional 0.04 N-m torque can 
be seen. This additional torque is negligible compared with other components. 
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Starting torque 

Starting torque is important to minimize. We have measured the motor torque 
delivered in order to initiate a 1 .8° input shaft rotation. This means that one tooth of the 
HD engages. The maximum measured torque during this rotation is called the starting 
torque. Figure 5 presents the various mean starting measured values with 
corresponding discrepancies. No significant temperature influence can be seen. 
Moreover, there is not an important gap between low-speed driving torque and starting 
torque. 
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Figure 5. Starting torques 
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Back starting and driving torque 

The input shaft was disconnected for these tests. We applied a torque on the output 
shaft and measured the necessary torque for starting any motion (back starting torque) 
and the necessary torque in order to maintain a pseudo-constant speed rotation (back 
driving torque). 



R1L1 R2L1 R1L2 R4L1 R5L1 R6L1 R8L1 


R1L1 R2L1 R1L2 R4L1 R5L1 R6L1 R8L1 


Figure 6. Back starting and driving torque 

At room and high temperature, back starting and driving torque are about the same. 
On the other hand backdriving torque at low temperature is higher than back starting 
torque. This can be linked to the high viscous torque component at low temperature 
and high speed (Figure 3). 

Accuracy 

Accuracy is an important characteristic for pointing mechanisms. We have calculated 
the difference between the output shaft measured position and the input shaft 
measured position divided by HD ratio. The test is performed with 6.7 N-m load. We 
called this the HD transmission error. 
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Transmission error (°) 



370 375 380 385 390 395 400 405 


Figure 7. Transmission error 

Measurements performed take into account HD error as well as test bench error (shaft 
alignment, bearings, etc.). We have pointed out especially error related to HD rotation. 
Figure 7 presents one error measurement over one output rotation at 100°/s. 
Frequency components are presented Figure 8. 


transmission error (m°) 



1 5 2 2.5 3 3.5 


fr6quency (Hz) 

Figure 8. HD transmission error frequencies at 100 °/s 

Except at very low frequency, transmission error is mainly governed by the component 
twice per input shaft rotation. Its quadratic equivalent amplitude is 0.903 10 3 deg. 
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This is a small contribution of the overall error, but this is the main HD contribution. 
This contribution is not constant on one output revolution (Figure 9). 


twice per input shaft rotation transmission error (”) Filtered analysis 
0.0025 r - — 



Figure 9. Main harmonic transmission error 


The fundamental of the HD error (twice per input revolution) evolves from nearly zero 
to 0.0038 deg, which is nearly twice the mean error value. The temperature influence 
on transmission error is not important (Table 2). 

Table 2. Temperature influence on transmission error 


HD 

Temperature 

(°C) 

Mean error 
(10 3 °) 

Maximal error 
(1 O' 3 °) 

R1L1 

-10 

1.02 

2.3 


22 

0.90 

2 


50 

2.45 

2.6 

R4L1 

-10 

1.43 

2 


22 

1.03 

2 


50 

1.60 

2 

R5L1 

-10 

0.91 

1.35 

22 

0.64 

1.8 

50 

1.03 

2 

R6L1 

-10 

1.59 

6 


22 

1.80 

4 


50 

1.71 

4 

R8L1 

-10 

0.38 

F 0.7 


22 

0.71 

2 


50 

1.47 

4 
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Damping 

Output torsional damping has been measured. A torque of 15 N-m has been applied 
and then released. Input shaft is fixed in position. The output shaft position versus 
time has been measured. Damping factor (£=Af/2f) is calculated from those 
measurements (see Table 3). HD damping is not influenced by temperature and is 
quite constant for each HD. Lubrication has little influence. 

Table 3. HD damping 


temperature (°C) 

R1L1 

R2L1 

R1L2 

R4L1 

R5L1 

R6L1 

R8L1 

-10 

1.9% 

2.21% 

0.8% 

1.91% 

1.8% 

1.95% 

2.1% 

22 

2.4% 

2.03% 

1 .8% 

2.4% 

1.81% 

2.3% 

2% 

50 

1 .95% 

1 .67% 

1 .28% 

2.35% 

1 .98% 

2% 

2.23% 


Stiffness 

Because of output shaft suppleness, accurate measurements were not possible. We 
cannot present any results concerning stiffness. 

Influence analysis 

Eight kinds of HD have been tested in order to study specific influences. 

Lubrication influence 

The same HD (steel HFUC 25-160) has been tested with Pennzane and Fomblin 
lubrication. Grease lubrication is used except in the Wave Generator ball bearing 
where oil is used. 

At low speed and low temperature, Pennzane torque behavior is lower than Fomblin 
(Figure 10). On the other hand, the viscous behavior of Pennzane leads to high 
torques at high speed and low temperature. 

For high temperature, we can see the inverse phenomenon. Pennzane’s torque is 
worse than Fomblin at low speed. This phenomenon can also be linked with 
Pennzane properties. At low speed and high temperature, oil film with low viscosity 
moves away from contacts. Non-elastohydrodynamic lubrication (EHD) film may 
happen leading to higher frictional torque. At higher speed, oil film can be re- 
generated (EHD behavior); frictional effects then decrease. 

At room temperature, Pennzane’s torque is better than Fomblin except at very low 
speed. 
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Figure 10. Pennzane and Fomblin driving torque 


Two HDs with different size were compared, HFUC 20-160 and HFUC 25-160, both 
Pennzane lubricated (Fig. 11). Smaller HD’s obviously have lower driving torque. 
This is emphasized at high speed and low temperature. Note that driving torque 
decreases with speed at high temperature like all Pennzane-lubricated HD. 




Figure 11. Size influence on driving torque 


Transmission error is also very influenced by HD Size (Fig. 12). Small size HD’s have 
higher transmission error. This could be linked to the difficulty to machine smaller HD 
teeth. 
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Figure 12. Size influence on transmission error 


Ratio 

Two HD’s with different ratio were compared (HFUC 20-160 and HFUC 20-100). 
Driving torque is affected (Fig. 13). The main difference is visible at high speed and 
low temperature, where lower viscous effect can be seen on the 160 ratio HD. This 
could be linked with tooth engagement effects. 



Figure 13. Influence of HD ratio over driving torque. 


Another very important ratio effect is on the back driving and starting torque (Table 4). 
The ratio between the related torques is much higher than the square of 160/100. This 
means that the back torques are higher than input shaft torques multiplied by the 
square of the HD ratio. 


Table 4. Ratio influence on back torques. 


HD 

name 

Ratio 

Starting 
torque (N-m) 

Driving torque 
(N-m) 

R6L1 

160 

7.28 

6.9 

R8L1 

100 

1.76 

1.58 
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Transmission errors decrease when the HD ratio is lower (Fig. 14). This can be linked 
to the larger teeth with the lower ratio, which may be easier to machine. For a pointing 
application where transmission accuracy is of great concern, one would have to 
balance the selection between a high-ratio HD leading to high resolution and a lower 
ratio HD with better transmission accuracy. 


10-3 o 



Transmission occurrence (Number per motor revolution) 

Figure 14. Ratio influence on transmission error 

HDIJC / HFUC comparison 

Two kinds of HD’s have been compared: HFUC 25-160 and HDUC 25-160.. The main 
difference is on the driving torque. For all temperatures, HFUC gear exhibits higher 
driving torque (Fig. 15). Moreover, HFUC has higher transmission error. HDUC 
seems to be preferred to HFUC when stiffness and compact design are not required. 

Nm 




Figure 15. HDUC / HFUC driving torque 

Material influence 

Most of the measurements have been performed on steel HD’s. Stainless steel 
influence has also been measured (Fig. 16). Driving torque is effected little. No 
important differences can be pointed out. These differences could be linked to 
manufacturing repeatability. 
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Figure 16. Material influence on driving torque 


Particular phenomenon 

Some specific phenomena have been observed during this test program. The most 
interesting one is the drastic influence of run in cycles on driving torque for Pennzane- 
lubricated HD. After each lubrication and assembly, driving torque was abnormally 
high. At least 1000 input shaft rotations at room temperature are necessary to have a 
low, constant driving torque (-30%). This seems to be linked to grease migration. 
Much more cycles were necessary at -10°C (3000 cycles). This procedure has been 
applied before all test measurements. 

Conclusion 

This test program has shown some interesting results. Among them, we found little 
drive torque difference between steel and stainless steel HD’s. We have also pointed 
out the increase in drive torque with Pennzane at low temperature and high speed, 
and high temperature and low speed. We have also compiled a lot of information on 
HD accuracy, driving torque, back torques at various temperatures for various kinds, 
sizes and ratios of HD’s. Such information will be useful for mechanism conception 
and better understanding of HD behavior in many operating conditions. 
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Development and Qualification of a Motor Drive Unit 
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Abstract 

This paper will discuss one of the primary problems encountered and lessons learned 
while developing a Motor Drive Unit through a qualification program. The unit was 
designed to meet specific customer needs, involving narrow restrictions on unit 
performance and physical envelope. Additionally, the use of brush motors in space 
requires special considerations to assure that the application is suitable. Testing of 
brush motors also requires a high degree of caution at the component and system 
levels to ensure the integrity of the product. 

Introduction 


Heritage 

Variations of this design have been fully developed and successfully qualified for 
multiple applications pertaining to satellite antenna deployment on both government 
and commercial satellite programs. Multiple units have already flown with a 100% 
success rate. In these applications, a brush motor was ideal for reliable, single duty 
cycle deployment of a satellite antenna while minimizing the overall weight and size of 
the motor. 

Design Description 

The Motor Drive Unit drives a four-stage planetary gearhead through a torque-limiting 
magnetic clutch utilizing redundant brush DC motors. The unit may be operated using 
one or both motors energized with only minor differences in the overall performance 
regarding torque versus speed and current. A two stage EMI filter minimizes conducted 
emissions and shielding limits radiated emissions. Some units have incorporated an 
additional worm gear stage to increase torque capability, reduce output speed, and allow 
fora rightangleoutputon eilherone or both sides of toe unit Several different housing 
arrangements have also been provided to meet various vibration and envelope 
requirements. Figure 1 shows photos of completed units with various configurations. 
Figure 2 show cross sectional views of typical motor/gearhead constructions. 

EMI Filtering : The electrical interface belween toe motor and power bus is buffered by a 
two-stage EMI filter. The EMI requirements for this application are quite aggressive for a 
small brush-type motor and required extensive design and testing of potential EMI filter 
designs before a workable solution was achieved. The design uses common mode 
filtering and feedthru capacitors to decouple the motor noise from toe power lines for 
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conducted emissions and rotor case for radiated emissions. In addition, the brush 
assemblies are shielded to minimize leakage of radiated emissions from these areas. 

Rrush DC Motors : This design utilizes two brush-type DC motors on a common shaft to 
provide motive force. The motors are sized to provide ample margin against the torque 
required for the application. Samarium cobalt permanent magnets are used in the 
housing and magnet assembly. The commutator brushes are a proprietary material, 
developed and tested specifically forspace applications. These brushes have been 
used in hundreds of qualified and flown motors and are very well characterized with 
regard to wear rates in vacuum and ambient air conditions. This brush material does not 
wear rapidly in ambient air, a common drawback to other space qualified brush 
materials. The ambient wear rate is approximately 1 00 times better than the vacuum 
wear rate. Commutation is provided by a 13 bar steel core commutator with India mica 
insulation. 

Clufch Assembly : Voltage and temperature variations for this application would 
ordinarily cause torque variation far greater than specification limits. Inorderto meetthe 
specified speed-torque requirements and limit maximum torque, a clutch is interposed 
between the motorand gearhead. The magnetic hysteresis clutch is sized to transmit 
13.1 to 16.6 mN*m (1.85 to 2.35 oz-in) of torque without slipping. No power is absorbed 
or required by the clutch in normal operation. When the outputtorque exceeds the 
calibrated limit on the clutch, the clutch rotor slips relative to the stator thereby limiting the 
outputtorque. While heat is generated in the clufch stator during slip operation, the 
clufch is capable of slipping for extended periods without loss of torque or other damage. 

Planetary Gearhead : The gearing consists of a four-stage planetary gearhead with 
overall efficiency of approximately 65% and a gear ratio of 3700:1. The gearhead design 
provides adequate margin when operated at a torque of up to 39.6 N»m (350 in»lb). The 
gears are fabricated to AGMA Quality Class 10 using either 1 5-5PH stainless steel or 13- 
8PH stainless steel. The input pinion is an integral part of the clutch rotor shaft All other 
pinions are machined integrally into the previous gear stage planet carrier. All planets 
are supported by sintered bronze bushings that ride on posts machined into the planet 
carriers. Lubrication is provided by Bray Micronic 81 5Z oil and 601 grease. An 
additional worm gear wilh a gear ratio of 20:1 is added to the planetary train in some 
applications to reduce speed, increase torque, and provide a right angle output shaft. 
This worm gear set is run-in prior to installation on the unit to provide an efficiency of 
50%. The addition of the worm gear increases the unit’s torque outputto over 322 N«m 
(2850 in*lb). 

Performance 

The drive unit is designed to operate at a nominal voltage of 28Vdc and has been 
tested from 23Vdc up to 34Vdc. The unit operates at a maximum current of 250 mA 
unloaded and 500 mA loaded. Unit performance has been verified under vacuum 
conditions from -40°C up to +71 °C. The design has also been verified up to 30 Grms 
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random vibration, 60 G sine vibration, and up to 1000 G pyrotechnic shock. Table 1 
shows a listing of unit parameters for both the straight planetary design and the 
additional worm gear output design. 


Table 1: Unit Performance 


Parameter 

Straight Planetary Output 

Additional Worm Output 

Minimum Output Torque 

23.7 N*m (210 in«lb) 

169.5 N»m (1500 in*lb) 

Maximum Stall Torque 

39.6 N*m (350 in*lb) 

322.1 N«m (2850 in*lb) 

Nominal Output Speed 

■ imii iijii i iiM 


Weight (depending on 
envelope & vibe levels) 

0.73 - 0.91 kg 
(1.6 to 2.0 lb) 

1 .5 to 1 .6 kg (3.3 to 3.5 lb) 


Description of Problem 

During the development and qualification testing of this design, there were multiple 
occurrences of upward current shifts while simultaneously operating both motors 
under thermal vacuum conditions. The duty cycle being performed when the shifts 
occurred consisted of operation for 21 output shaft revolutions, with the first revolution 
against a 23.7 N»m (210 in*lb) load and the remaining revolutions against a 
15.82 N*m (140 in«b) load. In each instance, the current drawn from one of the two 
motors increased by 20 to 100 mA over a period of less than one output shaft 
revolution. In some cases the increase was nearly instantaneous and often there were 
multiple current shifts associated with a motor within the same duty cycle. During each 
of the increases in current, the current waveform became irregular and the bandwidth 
increased. However, there was no change in output speed associated with these 
current shifts. The fact that there were no corresponding decreases in output speed 
indicates that the increase in current was due to a leakage current rather than an 
additional mechanical load. The attached current strip chart in Figure 3 is an example 
of the current increases. As shown in the figure, the current drawn from each motor 
decreases after the first revolution as the load is reduced, then the current from one of 
the two motors experiences current increases during the 7 th , 12 th , and 14 th revolutions. 

Investigation 


Unit Disassembly and Inspection 

The units were disassembled and inspected. There were no anomalies or shorts 
present in the electrical connections at the connector, in the EMI filter, or at the brush 
terminals. There was no indication of any shorts to ground within the motor. The 
brush wear rate during the failed tests averaged higher than normal and close to the 
maximum allowable level. It was noted that while the amount and color of the brush 
debris inside the motor cavity appeared normal, the dust appeared to agglomerate 
more than typically seen. An inspection of the armature revealed that brush dust 
packed the slots between bars exhibiting the same tendency to agglomerate. An 
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example of slots packed with brush dust can be seen in the photos shown in Figure 4. 
Ordinarily there is some loose brush dust coating the slots, but not packed to the extent 
jn these armatures. Bar-to-bar resistance was measured for each end of the 
armature. The side that experienced the current shifts indicated approximately a 0.8ft 
overall variance in resistance and a maximum of 0.6ft change between adjacent slots. 
The side that did not experience the current shifts showed only a 0.3ft overall variance 
in resistance and a maximum of 0.2ft change between adjacent slots. The bar-to-bar 
resistance variation depends on quality of contact between the probe and the bars as 
well as uniformity in coil resistance but is not typically seen to vary by more than 
approximately 0.3ft. The brush dust was cleaned from between the slots with the 
lowest resistance and the measurement was repeated. Following cleaning, the 
resistance returned to normal levels consistent with the other readings around the 
armature. 

Brush Lot Investigation 

An examination of the build documentation showed a strong correlation of this type of 
current increase to one lot of brushes. This correlation led to a further investigation of 
this lot of brushes in comparison to other lots of brushes that had shown no tendencies 
of the current increase through similar testing. The investigation involved inspecting 
brush certification data including parameters tested by the vendor, performing material 
analysis, and conducting a Technical Interchange Meeting (TIM) with the brush 
vendor. The flashover failures were characterized by increases in current not associated 
with reductions in speed that caused the unit to either fail the 500 mA limit for all 
conditions or the 250 mA limit for no load operation. In addition, the flashover failures 
were characterized by a buildup of conductive debris in Ihe slots and reduced bar-to-bar 
resistance in areas around the commutator. 

Brush Certification Data : The brush certifications for each lot of material were 
reviewed. The data provided by the brush vendor include measurements of density, 
resistance, transverse strength, and shore scleroscope hardness of the block from 
which the brushes were cut. The suspect lot of brushes showed the lowest density, 
highest resistance, highest transverse strength, and highest hardness of the 3 lots 
most recently received. Particularly the density and resistance values show clearly 
that this lot of material is outside of the family when compared to the prior lots that did 
not exhibit this current increase phenomenon. 

SEM/EDS Analysis : A Scanning Electron Microscopy/Energy Dispersive 
Spectroscopy (SEM/EDS) analysis was performed on one of the known good lot of 
brushes and the suspect lot of brushes. Most notably, there was a higher 
concentration of copper versus molybdenum in the good brushes versus the suspect 
lot of brushes. Correlating this disparity were the micrographs taken of the brushes 
which showed a significant distribution of small copper particles on the good brushes 
which were not present on the suspect brushes. Additionally, the micrographs of the 
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brushes showed a significant distribution of small copper particles within the matrix of 
the good lot which were not seen in the suspect lot. 

QhemiCfrl Analy si s; A chemical analysis was then performed on virgin brushes from 
one of the good lots of brushes and the suspect lot. While the chemistry of the bulk 
brush material appeared similar, there was again higher ratio of copper to 
molybdenum seen in the good brushes. 

Brush Vendor TIM: a TIM was held at the brush supplier to better understand brush 
fabrication process and its controls and variances. The goal of the meeting was to 
determine additional screening and controls necessary to ensure consistent lots of 
brushes. During that trip, the fabrication process was described as well as the quality 
controls governing the fabrication process. It was determined that the suspect lot of 
brushes did meet vendor specifications but they were at the opposite end of 
specification extremes from the other two recent lots in some aspects. Variations in 
materials and processing were discussed to understand what factors could cause 
variations between and within lots of brushes. The components are hand mixed which 
could result in some non-homogeneity within the block. Also adding to the variation is 
the fact that some settling of components occurs during pressing. Additionally, there is 
some variance in density near the edges of the block due to burnout during baking. It 
was noted that heating of the brush during operation could be affecting the 
polymerization at the brush interface. If the 260°C baking temperature is exceeded, 
then additional binder material may bleed out. The higher resistance seen in the 
suspect brushes would cause them to heat more during motor operation than the other 
lots of brushes. This bleeding of the binder material could explain why these brushes 
had the agglomeration problem where other brushes did not. The lower percentage of 
copper shown during the material analysis would support the higher resistance seen 
in the suspect lot of brushes. 

Historical Review 

A review of historical programs was performed to see if problems of this nature had 
been experienced and what the solutions were. It was discovered that two previous 
programs (Tethered Satellite and Eureka Solar Array Deployment) have had similar 
occurrences of current increases during Thermal Vacuum operation approximately 10 
years ago. The original Eureka and Tethered Satellite motor/gearhead designs used 
armatures with 49 bar commutators containing undercuts between the copper bars. 

The failure on the Tethered Satellite motor was discovered when the current level 
exceeded expected levels. The unit was removed from the test and disassembled. 
Examination showed that the commutator slots were full of brush material. The 
excessive current draw was attributed to a shorting action produced by the presence of 
excessive brush material in between the commutator slots. Corrective action for the 
failure was to replace the armature (which contains the commutator) with a new 
modified commutator design that allowed the commutator bars to be machined at the 
same diameter as the mica bar-to-bar insulation. This modification eliminated the 
open space between the bars, which was filled with brush material at the failure. 
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Complete acceptance and qualification testing was then performed on the modified 
qualification unit and simultaneously on an engineering development unit which had 
the same changes. All testing was successful on both units, giving verification of two 
important assumptions. It was verified that in this application, the wear characteristics 
of the copper, mica, and brush material was such that the copper did not wear below 
the mica insulation and that the copper did not smear and short across the mica 
surfaces. The qualification unit successfully completed all testing with modifications 
described. Additional units have incorporated the modifications described and have 
performed successfully without recurrence of the failure. Subsequent hardware flew 
successfully on the Tethered program. For the Eureka motor, after the current increase 
from 145 mA to 275 mA during Life Testing, the commutator design was also changed 
to eliminate the undercuts. This design change worked very well, and the design met 
the life requirements. Life testing consisted of 200 ambient cycles, 100 T-Vac cycles at 
+40°C and 100 T-Vac cycles at -73°C. A cycle consisted of continuous operation for 
10 minutes CW at 130 N*m, 5 minutes CW at 300 N«m, 5 minutes CCW at 300N«m, 
and 10 minutes CCW at 130N*m. The flush commutator design change in both of 
these instances corrected the test failures, although it is believed that the root cause 
for those failures was due to the brush lot variation. 

Cause of Failure 

The cause of the high current failures was determined to be flashover between bars as 
shown by reduced bar-to-bar resistance of the commutator in the failed motor which 
returned to normal when the brush dust was removed from the slots. According to 
Shobert in Carbon Brushes: The Physics and Chemistry of Sliding Contacts : 

“A flashover is a destructive short circuit of a machine through the conductance 
of the plasma developed in an electrical arc. It usually starts when commutation 
is interfered with to such an extent that an arc is formed from the trailing edge of 
a bar to the trailing edge of the brush ... [Flashovers] start when commutation 
conditions are favorable to arcing and sparking, when a sudden mechanical 
impulse causes separation of the brush commutator contact, or when an 
electrical current impulse occurs which is greater than the brush can handle 
without arcing.” 

Flashover occurs when the applied voltage is too high for the resistance path in the 
commutator. Each motor design has a limit on voltage capability based on the size of 
the motor and on the application. This design limit is reduced when there are 
contributing factors that lower the resistive path within the motor. The following factors 
occurred within this design to allow flashover to occur: presence of conductive debris 
from the brushes and/or the commutator, a location for the debris to collect between 
the bars, and an electrical arc to fuse a conductive path. 
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Conductive Debris: Conductive debris is a natural by-product of brush motor 
operation. The conductive debris is a combination of wear materials from the brush 
and the commutator. On this design, all flashover failures of this nature have been 
associated with one lot of brushes. It has been observed that the brush debris from 
this suspect brush lot tended to agglomerate more than debris observed from previous 
lots allowing it to form a thicker layer and pack within the slots. Both the SEM/EDS 
and the chemical analysis showed variations between the brush lots that were 
substantiated by the variation in the 4 test parameters performed by the brush vendor. 

Location for Debris . The location for the brush debris to collect is inherent within the 
slotted commutator design. The slots in the failed units were packed with brush debris 
whereas previous units using brushes from other lots of material have been observed 
to contain only loose debris in the slots. The insulation is typically undercut between 
bars in a commutator to mitigate concerns over increased rubbing surface causing 
high brush wear, uneven commutator wear causing brush bounce and high ripple 

current, and copper smear across the insulating material causing a short between 
bars. 

E lectrical A rcing : As stated by Richard Fink in “Space Vehicle Mechanisms: Elements 
of Successful Design": 

Commutation is the process that changes the electrical power from one set of 
motor windings to another or changes the polarity of power in the motor 
windings so that rotation of the motor occurs. In a brush type of unit, 
commutation is performed with a multibar commutator to which the motor 
windings connect, and with a set of brushes that bring in the electrical power 
and ride on the commutator bars. The power polarity is reversed in the motor 
windings periodically as the bars rotate under the positive and negative 
brushes, giving continuous rotation of the motor. At the interface of the brushes 
and commutator bars, electrical power is transmitted from the brushes to the 
commutator bars. The transmission of power from the brushes to the bars 
should, by design, create very little visible electrical discharge at the brush-bar 
interface (i.e., visible sparking or drawing of electrical arcs should be 
minimized). The amount and intensity of visible electrical effects depends on 
the level of power being transmitted, the motor and commutator design, the 
brush material type, ambient conditions, and other factors. The result of 
sparking and arcing effects is an increase in the wear rate of the brushes and 
the commutator, or, in severe cases, destruction of the brushes, commutator 
surfaces, and windings.” 


One of the “other factors” affecting motor arcing is the spacing of the commutator bars. 
In a previously qualified commutator design, the copper bars were molded into diallyl 
phthalate with a controlled slot width of 0.51 mm (0.020 in) nominally. This design was 
changed to the mechanically superior steel core design commutator with mica 
insulation. The undercutting operation in the nipped style commutator modifies the bar 
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to bar spacing in order to remove ail mica from the slot with a typical width of 5.8 to 
6.6 mm (0.023-0.026 in). Therefore, the slotted steel-mica commutator has wider slots 
and more variation slot to slot due to the tolerancing associated with the slotting 
operation. The wider slot means that the brush edge would at some orientations be 
completely on one bar and barely touching the edge of adjacent bars resulting in a 
high potential between the corner of the brush and the edge of the bars causing a 
spark. With the insulating material removed, sparks are also possible from side to side 
of adjacent bars in the location where the brush debris is forming. 

Corrective Action Taken 

Because some variation in brush manufacture appeared to be inevitable, corrective 
action was implemented to mitigate the effect of ail three factors. 

Conductive Debris 

The brush vendor has manufactured a new batch of brush material taking into account 
issues discussed during Ihe Technical Interchange Meeting. Necessary parameters 
were controlled to keep tie resistance and density in tie range of the two lots that have 
proven to work. Controls and processes were tightly monitored and documented for this 
block. The block is of sufficient size to obtain several orders of brushes once certified. A 
new, automated mixing machine was incorporated to obtain a more homogeneous mix 
of components. A wetting agent, which will evaporate in the baking process, was 
incorporated to inhibit settling of components during pressing. Once completed, the 
blockwas cut into strips. An advance run of 8 brushes, with at least one brush coming 
from each strip of material, was fabricated and supplied along with 3 samples prepared 
per the National Electronics Manufacturer’s Association standard CB-1 for tot 
certification. Following satisfactory completion of certification requirements, a 
production run of brushes was made. A purchase specification has been created for the 
specific vendor's brush grade thatties down the vendorprocess documents and the 4 
test parameters (density, resistance, hardness, transverse strength) with specified 
tolerances and certification requirements. The brush vendor’s specifications were 
updated to reflect necessary tighter controls and certification requirements for the brush 
material. The brush weartest procedure has been updated to add ambient wear testing 
to mitigate concerns on brush variation affecting the potential of copper smear on the 
flush armature. Current will be monitored to both motors during vacuum and ambient 
weartesting to ensure that any current increases are identified and investigated. The 
brush assembly drawing has been updated to require brushes be fabricated per the 
purchase specification and tested in accordance with the purchase specification and the 
weartest procedure. 

Location for Debris 

The armature design was modified to eliminate locations on the commutator that could 
permit debris collection by leaving the mica flush with the copper. This approach was 
successfully used to resolve similar high current problems on the Tethered Satellite 
and Eureka Solar Array Deployment motor programs. 
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Electrical Arcing 

The amount of and variation in electrical sparking will also be reduced by eliminating 
the slotting operation. With the flush mica commutator, the slot widths are much more 
uniform and retain the original nominal spacing seen on the previously qualified diallyl 
phthalate design. In addition, the opportunity for sparking from the brush edge to the 
side of the bar was eliminated. 

Advantages & Risks 

The following advantages and risks were determined for the flush commutator design 
change: 

Advantages: 

1 . Saves schedule on armature flow by eliminating two operations (slotting and 
deburring slots) and reducing amount of inspection required. 

2. Eliminates risk of gouging mica while deburring slot. 

3. Eliminates risk of additional commutator runout caused during deburring slot. 

4. Eliminates risk of burrs being left on commutator that could help induce 
flashover. 

5. Greatly reduce possibility of bars shifting during processing/cleaning because 
of additional support of mica. 

6. Eliminates location for brush dust and copper to accumulate during motor 
operation thereby eliminating path for bar-to-bar flashover. 

7. Returns slot width to width previously qualified with diallyl phthalate 
commutator. 

Risks: 

1. Brush wear could be increased. Mechanical brush wear is normally greater 
with a flush design. However, the electrical wear will be reduced because the 
slot width will be better controlled and because the brush will no longer be able 
to arc to the side of the bar (only the OD). It is expected that the reduction in 
electrical wear will override the increase in mechanical wear during thermal 
vacuum operation. The ambient wear should still be negligible in comparison 
to the thermal vacuum wear. 

2. Because the copper and the mica are different hardnesses, there could be a 
slight difference in the wear of each that could cause some brush bounce. In 
general, the commutator will tend to wear at the rate of the harder material so 
any surface variations would be minimal. Brush bounce has not been seen to 
affect overall motor current or torque capability but there may be a slight 
increase in motor current ripple. 

3. Copper could smear across the surface of the mica and cause a short between 
bars. 


A development test was formulated to mitigate these risks before restarting 
qualification testing. 
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Development Test 


A development test was performed on the proposed commutator configuration to 
simulate acceptance and qualification thermal vacuum testing. The modification to the 
commutator consisted of omitting the undercutting of mica between the bars, 
producing a flush running surface on the commutator. To show that the flush 
commutator would be able to overcome brush lot variations, the test was conducted 
with one side of the motor using brushes from a known good lot of material and the 
other side of the motor using the lot of brushes that was related to the flashover 
failures. The development test was designed to show that the flush commutator would 
not adversely affect motor operation in terms of brush wear or brush bounce, and that 
the change would eliminate the flashover condition. During the development test, 27 
duty cycles were completed under a minimum vacuum of 1*10-5 torrand 14duty cycles 
were completed at ambient pressure. Testing was performed over a temperature range 
of -40°C to+71°C. This amount of testing gave margin over the current acceptance and 
qualification requirement of 20 total duty cycles under fiermal vacuum conditions and 
gave an indication of how the unit would perform under ambient pressure conditions of 
265 duty cycles over acceptance and qualification testing. 

Motor Brushes 

Perthe design requirements, the brushes could notwear more than 90 /o of the usable 
brush length through completion of acceptance and qualification testing. Each brush 
completed Ihe development test within this limitation as seen bythe data displayed in 
Table 2. In addition, the duration of the developmenttest included a 35% margin on the 
number of vacuum revolutions for acceptance and qualification testing and a 20% 
margin on completing an equivalent number of acceptance and qualification total duty 
cycles with ambient duty cycles counting as 1 /1 00 ,h of vacuum duty cycles. Brushes from 
a known good lot, POI 4296, exhibited excellent wear life while brushes from the suspect 
lot, P024746, showed marginally acceptable wear life. More notably, the flush armature 
seemed to improve the wear rate for both lots of material by 1 0% to 40%. 


Table 2: Development Brush Wear 


Location 

Lot 

% Wear 

A1 

good 

29.6% 

A2 

good 

27.9% 

B1 


69.8% 

B2 


74.5% 


Note: % Wear is calculated as (Initial Length - Final Length)/0nitial lenglh - 2.16 mm) 
based on a minimum usable brush lenglh of 2.1 6 mm (0.085 in). 

Motor Performance 

The motor current waveform did not show any adverse affects of Ihe flush commutator. 
The waveform was extremely uniform and showed no dropouts which would indicate 
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brush bounce. A review of the brush ripple photos from a unit during its operation with 
a slotted armature in comparison to those taken in the development testing with a flush 
armature, show that the frequency of sparking has been reduced and the uniformity of 
the current waveform has been improved by the flush commutator design. Current 
traces for both Motor A and Motor B were very nominal. Traces remained relatively flat 
with no indications of shorts between bars. Motor speed was nominal throughout the 
test The ATP final functional at the end of test showed lower currents and higher speeds 
than at the start of test indicating improved motor performance throughout the test. 


Armature Inspection 

Both commutators on the armature were inspected at 50X magnification. At each bar 
there was still a distinguishable interface between the copper and the mica with no 
evidence of copper smearing across the insulation. There was some grooving of the 
commutator in the brush track similar to that typically seen on slotted armatures. The 
copper and mica surfaces appeared flush under a visual inspection and when 
measured with a 0.0001 dial indicator there was no noticeable step at the copper and 
mica interface. The photograph in Figure 5 shows the flush commutator surface after 
completion of development testing. Commutator wear for each motor was measured 
to be 0.013 to 0.025 mm (0.0005 to 0.0010 in). This is an improvement from 
qualification testing with the previous Diallyl Phthalate design where 0.10 to 0.13 mm 
(0.004 to 0.005 in) wear was observed on the commutators. Nominal bar-to-bar 
resistance on the A-side was 15.0 ohms and the B-side was 14.8 ohms. Bar-to-bar 
resistance did not vary by more than ±0.1 ohm on either side, which corresponds to 
expected values. Following refurbishment of the commutators (turn and grind to clean 
up brush track), nominal bar-to-bar resistance on the A-side was 14.7ft and the B-side 
was 14.7ft. Bar-to-bar resistance still did not vary by more than ±0.1 ft on either side. 
The fact that the resistance dropped slightly further indicates that there were no bar-to- 
bar shorts on the armature which would have increased when removed. 

Qualification Test 

Following successful completion of the development test, the commutator was 
refinished by removing the wear marks on a bench lathe and grinding the running 
surface back to the designed surface finish. The qualification unit was then assembled 
using the flush commutator design and underwent complete acceptance and 
qualification testing. The unit passed all of the required acceptance and 
qualification/life tests with no adverse affects seen by the flush commutator design. 

The combined testing accumulated close to 2.5 million revolutions at the motor during 
vacuum testing and 45 million revolutions at the motor during ambient pressure 
testing. 

Motor Brushes 

Brush performance through qualification/life testing with the flush commutator exhibited 
much of the same characteristics as seen during development testing. The faces of tee 
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brushes indicated a normal, fully seated wear pattern on each brush. Table 3 shows the 
wearthrough acceptance and qualification/life tesling. The data indicates that on 
average only 25% of the brush length was worn over the life of the unit against the 90% 
maximum requirement. The wear rate was approximately 30% betterthan lhat seen with 
previous testing of the same lot of brushes on a slotted armature. There was a normal 
amount of brush dust within the motorthat was loose and powdery. 


Table 3 : Acceptance and Qualification/Life Brus h Wear 


Location 

Lot 

% Wear 

A1 

good 

22.5% 

A2 

good 

24.9% 

B1 

good 

27.0% 

B2 

good 

22.9% 


Motor Performance , iU « u 

As in the development test, there were no adverse affects seen from the flush 
commutator thro ugh acceptance and qualification/life testing. Motor waveform remained 
very uniform with no indications of brush bounce. Current traces remained relatively flat 
and there were no increases in current indicative of shorts within the unit. Tests 
performed at the end of qualification/life testing showed improved motor performance 
throughout the test with slightly lower current and higher speed. 


Armature InsDection . . 

The qualification test involved additional ambient life testing which was not seen in the 
developmenttest. Even with this additional ambient testing, there was still no detectable 
step at the copper/mica interface on the surface of the commutators and the commutators 
wore only 0 01 5 rrm (0.0006 in) on the radius. Photos ofthe qualification unit 
commutators following completion of testing are shown in Figure6. In the figure, Ihe 
bright streaks on the insulation are only light reflections, not smearing of copper between 

bars 


Conclusions 

The Drive Unit was designed, built, and successfully qualified to rigorous customer 
requirements. The program requirements included conditions of high level vibration, 
vacuum operation at thermal extremes, and unit performance not typically seen out of 
such a small package. The testing program identified the areas where improvement 
was necessary and verified the final design’s capability to meet the challenging 
mission requirements. One of the problems encountered during this development 
process was flashover across bars within the armature causing increased motor 
current to unacceptable and destructive levels. Flashover can occur in a vacuum 
when the applied voltage is too high for the resistance path in the commutator. Each 
motor design has a limit on voltage capability in a vacuum based on the size of the 
motor and on the application. Design and fabrication of motors is critical because any 
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breakdown in the resistance within the commutator reduces the voltage limit of the 
design. As proven through extensive development, acceptance, and qualification 
testing, more rigorous control of the brush manufacturing process and the design 
change from a slotted to a flush commutator allowed this design to overcome a 
flashover problem. The lessons learned through this qualification process help to 
prevent similar problems from occurring on other programs and gives further insight 
into determining which space applications are suitable for brush motor designs. 
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Figure 1. Various Configurations of the Motor Drive Unit 



Figure 2. Typical Cross Section 
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Figure 5. Flush Commutator After Development Testing 



Figure 6. Flush Commutator Following Qualification Testing 
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Actuator Life Testing Rationale and Lessons Learned 


Steve Koss' 




Abstract 

This paper will discuss an actuator life test that was completed in October 1998. 
Rather than concentrating on the design of the actuator or its performance during the 
life test, this paper will discuss the life test rationale and lessons learned from a testing 
standpoint. The systematic approach to formulate the life test plan will be addressed 
in depth. Additionally, the test set selection and test set performance will be 
discussed. Finally, lessons learned about test rationale, test set development, and 
hands-on testing will be discussed. This paper should be useful for those faced with 
the difficult task of life testing long-life actuators or mechanisms. Key lessons learned 
may be found in italics in the body of the text as well as at the end of the paper. 

Actuator Description 

The actuator that was life tested was part of a precision pointing mechanism for a high 
reliability spacecraft. The actuator design used DC brushless motors with encoder 
feedback. A diaphragm preloaded pair of ultralight metric angular contact bearings 
supported the shaft. The bearings were lubricated with an oil/grease slurry of 
Pennzane/Rheolube 2000 with 3% lead naphthenate. The actuator has an 
operational life requirement of 8 years of continuous operation at an average speed of 
75 rpm. There were three key features of the design to assure high reliability for long 
life in a high life cycle application. 

(1) The bearings were designed to operate in the elasto hydrodynamic (EHD) regime, 
as defined by having lambda >1 for high reliability. (Lambda > 1 means the 
lubricant film thickness is greater than the bearing rms composite surface 
roughness, thus minimizing metal to metal contact.) 

(2) The bearings were preloaded by a diaphragm that was relatively compliant for 
axial and moment loads, but stiff for radial loads. The use of a compliant 
diaphragm made the bearings relatively insensitive to loading caused by thermal 
gradients or misalignment. This was especially important in this design as there 
were ten mating parts between the two back-to-back straddle-mounted angular 
contact bearings. The use of a diaphragm reduced the need to use extraordinary 
tolerances. Additionally, the design precluded match machining of the entire 
assembly such that small, yet significant misalignment was inevitable. This 
misalignment would have caused an effective 621.5 N»m (5500 in-lb) moment for a 
solid preloaded design vs the 28 N*m (250 in-lb) effective bearing moment created 
with the compliant diaphragm. 


’ Naval Research Lab, Washington, D. C. 
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(3) The oil/grease slurry provided an ample supply of lubricant for long life. The 

drawback to the generous lubrication method is relatively high viscous drag torque. 
Additionally, this resulted in viscous torque that was relatively inconsistent from 
bearing to bearing when compared to precision lubrication techniques. By taking 
torque measurements early in the design, however, this could be accommodated. 

In the end, the added torque turned out to have little impact on the servo control 
and the extra power had little impact on the spacecraft system design. 

Since this was a high reliability program with long life, it was determined that the 
added torgue and power consumed by the generous quantity of lubricant was a small 
price to pay for the elimination of the many unpredictable risks associated with 
inadequate lubrication. 

By coating all internal surfaces with lubricant and applying generous amounts (10% 
void fill or greater) of grease to the bearings, much risk and cost can be avoided. 
Bearings that are generously lubricated are not as susceptible to corrosion problems. 
Additionally, lubricant reservoirs are not needed, bearing retainer impregnation is no 
longer critical, and barrier films are not required to prevent lubricant creep. Finally, 
evaporation analyses can often be eliminated when using generous amounts of 
lubricant with an ultra low vapor pressure. 

Purpose and Goals of Life Test 

A life test meeting was convened with experts on bearings, lubricants and actuators to 
formulate a practical test plan. Like most programs, an 8-year unaccelerated life test 
was not practical, as the test would not provide results in time to meet the production 
schedule. A discussion was therefore held to identify the most likely failure modes and 

effects. 

It was decided that bearings operating with a high performance lubricant under EHD 
conditions at 655 Mpa (95 ksi) mean contact stress levels were unlikely to have 
lubricant-related failures. Additionally, the motors and encoders were redundant and 
had no parts to wear and were therefore unlikely to fail. This particular actuator 
design, however, required 1 0 separate components to be assembled between the two 
angular contact bearing mounts. The most likely life-related failure mode identified 
was the possibility of mechanical wear due to misalignment affects between the two 
bearings. This was critical as misalignment results in shaft wobble and the actuator 
has a tight wobble requirement of ±0.06°. 

Additionally, another plausible failure mode was identified. The pointing mechanism 
used a harmonic flexure spring that was at risk to fatigue-related life failures. What 
evolved from the failure analysis were these two primary failure mechanisms. It was 
determined that the failure mechanisms were independent of each other and that the 
most efficient way to qualify the entire pointing mechanism was to conduct a 
segmented test matrix. 
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By segmenting the mechanism into separate subsystems, each with their own life test, 
the individual life tests could be optimized for each failure mechanism (Figure 1 ). 

POINTING MECHANISM QUALIFICATION MATRIX 


QUALIFICATION 


FLEXURE LIFE 


MECHANISM P 

■ a ■ 1 A k 1 

ERFORMANCE 




MtOHANISM LIFE 




STAND ALONE 
FLEXURE LIFE TEST 


FULL UP MECHANISM 
RUN IN TESTING 


1 


Figure 1. Segmented Qualification Matrix 

For instance, the flexure spring could be life tested in air at an accelerated rate, 
optimized to provide the quickest completion date without creating unrepresentative 
dynamic effects for the spring. The actuator life test also was independently optimized 
to provide the greatest balance of risk reduction vs the need for data in the most timely 
fashion. Finally, the entire pointing mechanism was tested as an assembly and run in 
for a 5% “infant mortality” life test to catch flaws that might go undetected in the 
segmented flexure and actuator subassembly life tests. This segmented approach 
works well when there is no time for a full qualification-level unaccelerated life test. 


The actuator life test therefore, was but one part of a qualification matrix for a high- 
reliability precision pointing instrument. The primary goal of the actuator life test was 
to validate that the stack-up of small misalignment effects would not affect the 
performance of the actuator over its 8-year life. The actuator life test would validate the 
mechanical design and performance of the actuator assembly, and the pointing 
instrument would be qualified by a series of segmented life tests. 

This segmented test approach was found to provide the best fit to the philosophy of 
“Provide the greatest level of risk reduction at the earliest point in the program.” 

Accelerated vs. Real Time Test Rationale 

Accelerated life tests carry the risk of producing invalid, erroneous results. This is 
especially true when testing for lubricant-related life failures. The purpose of this test 
however, was limited to testing for misalignment-induced mechanical wear. Since the 
bearings operated in the EHD regime it was decided that the lubricant life could be 
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justified by analysis and engineering judgment. Qualification by analysis is generally 
frowned upon, and it would have been preferable to run an unaccelerated life test. 
However, long life testing involves compromises to be made and this was deemed an 
acceptable compromise. An accelerated life test was considered valid because the 
goal of the test was limited to verifying the mechanical performance of the actuator, 
and not to validate lubricant life. This was relatively easy to justify compared to 
actuators with bearings that operate in boundary lubrication where accelerated life 
testing becomes a very tricky issue worthy of a separate paper. 

The key reason that an accelerated life test was acceptable was that it was formulated 
after a detailed failure modes and effects analysis. This is an engineering judgment 
type analysis rather than an unmeaningful reliability calculation. The bottom line is 
that the life test was configured to provide the greatest level of risk reduction in a useful 
time frame. 


Acceleration Rate Rationale 


In order to get results in a useful time frame, it was decided to maximize the 
acceleration rate. Several factors were identified that would limit and determine the 
accelerated rate. It was decided the quickest, most positive way to determine this rate 
was through a series of tests with the life test units prior to the test start, rather than 
trying to arrive at this rate analytically. 

A number of factors were agreed to that would limit the acceleration rate: 

- Limit the actuator test temperature to values within the qualification operating range 
of the actuator. 

Limit the thermal gradients inside the actuator to be within the predicted flight 
gradients. 

- Do not create any unrepresentative dynamics. The primary example is to avoid 
resonances. 

- Keep the bearings in the same lubrication regime as flight. 

Given these requirements, the following set of tests were conducted to determine the 
acceleration rate and test environment: 

(1) Map out the resonances of the actuator over a reasonable speed range to avoid 
testing at or near a resonance. 

(2) Try to run the test in a vacuum to be as representative of flight as possible. 

This, however, was found to create excessive gradients for significantly accelerated 
rates of operation. Thus, the test could not be run in vacuum. 

(3) Try to run the test in a GN2 chamber with an ambient temperature shroud. 

This would still provide a valid atmosphere for tribological effects and the ambient 
shroud would both be less costly and more reliable than a thermally controlled 
shroud. Unfortunately, the ambient shroud did not provide enough cooling to keep 
the actuator near the qualification hot temperature for significantly accelerated 
speeds. 
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(4) Try to run the tost in a GN2 chamber with 3 chillGd shroud. This was found to 
work well, allowing an 8.4/1 acceleration rate (630 rpm) and actuator 
temperature at the qualification hot limit of 31 °C with the shroud set at 16°C. 

One of the key factors in the above matrix is the need to test in a valid environment. It 
was decided that for the actuator, thermal vacuum with orbital thermal cycling would 
be the best, most representative environment. It was also decided, however, that a 
GN2 environment was also representative, as there was no oxygen to influence the 
tribological aspects and the on-orbit thermal gradients would be so low that the added 
convection of GN2 did not create an uncharacteristically benign gradient condition. 
(The test chamber is shown in Figure 2.) Additionally, the vapor pressure of the 
Pennzane lubricant and lead naphthenate additive is so low that evaporation was not 
a concern. It was decided that running the life test mostly at the hot qualification 
temperature was valid as this produced the most flight-like thermal gradients and 
coincidentally produced the same average EHD lambda ratio as the average flight 
operating conditions. There were no known adverse effects at cold temperature that 
would be missed by conducting the life test at the qualification hot temperature. For 
added measure, however, the units were thermal cycled after every 50 million 
revolutions (approximately every 7 weeks). This divided the accelerated test into 12 
segments with nominal speed characterizations run over the qualification temperature 
range at the beginning of each segment. If one were life testing a potentiometer, for 
example, the life test environment might be totally different as potentiometer wear is 
often worse under cold temperatures and a false success might be obtained by 
conducting the test at the qualification hot temperature. 

The key item here is to understsnd the effect of the environment on whet is being life 
tested. If unsure about the effect of temperature on life and performance, it is always 
safest to conduct a test with operational thermal cycling. It is also important to 
remember that in many cases a mechanism may have a qualification temperature 
range of, for example -20°C to +60°C, whereas it spends 75% of the time at 15-25°C. 

The importance of time at temperature should not be forgotten when arriving at a test 
plan. '' ~ ^ 


A final test was conducted to ensure the bearings were still in the EHD regime at the 
accelerated test speed. In this particular application, an added benefit of the 
oil/grease slurry, rather than the typical grease-only application, was reduced concern 
for grease starvation effects at the accelerated speed that was eventually chosen for 
the life test. While no extensive research effort was expended to validate this, bearing 
contact resistance measurements were made to validate the bearings were still 
operating in the EHD regime. Additionally, the drop in torque at higher speeds 
commonly seen when starvation effects set in upon greased bearings was seen at 
higher speeds in the grease/oil slurry bearings. 


An important lesson learned from this process was the value of gaining as much 
understanding as possible prior to the life test start. For example, torque tests of the 
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individual bearings were run early on to characterize drag torque and obtain 
measured validation of EHD operation. 

Another lesson learned from this process that can be applied especially to accelerated 
life testing is the need to agree to pass/fail criteria before setting the test plan. A good 
check to determine if an accelerated test is valid is to determine if a failure would be 
considered a true failure should it occur. One should not conduct a test that would 
allow a failure to be rationalized away as the result of an overly harsh or invalid test 
approach. The critical determination of the test rate and configuration is best done 
with careful thought and discussion with a panel of experienced engineers and 
technical experts. Only after agreement by this panel is obtained will a test plan stand 
up to outside scrutiny. 

Life Test Unit Configuration Rationale 

Initial life test plans involved a bearings-only life test with the bearings mounted in a 
test cartridge. When it was determined that misalignment effects were the most likely 
failure cause, it was decided that the most valid and cost effective test configuration 
was to simply build a flight-like actuator assembly. A key feature was that the design 
used readily available ultralight metric bearings. This allowed a set of high quality 
bearings with flight quality ball and race surface finish to be procured for immediate 
torque testing. More important it allowed flight-equivalent bearings to be purchased in 
time for insertion into the life test units. Brushless resolvers were substituted for the 
high precision encoders of the flight unit. The rest of the actuator was built to flight 
quality and specifications, less the paper trail. 

It is important to emphasize the value of testing to the highest level of fidelity possible. 
Often failures occur at the subsystem level from conditions such as fretting due to 
bearing fits, seal failure, or misalignment due to tolerance stack-up. These failure 
modes would be missed in a low fidelity bearings-only life test. 

Finally, it was decided to life test three actuators. This actuator would be used in a 
high reliability production run and three units would give some small level of statistical 
significance. Furthermore, three units reduced the risk associated with relying on one 
unit and the resultant schedule penalty if anything were to happen to that unit. One 
should always test with the highest sample size that is affordable. Unfortunately with 
the cost of aerospace hardware this usually means a very small sample size. This 
condition has led to an appropriate quote; If you only successfully test one unit, all you 
really know is that you should have flown that unit.” 
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Spindle 
Assembly 
(1 of 3) 



Figure 2. Actuator Life Test Chamber 


Test Approach Flow 


The top-level life test approach involved conducting in-depth actuator performance 
tests, including wobble, prior to and at the end of the life test. This test flow is shown in 
Figures 3 and 4. Next a thermal design validation test (TDVT) was run on the 
actuators in the life test chamber under vacuum. The accelerated life test in GN2 was 
then begun. The accelerated life test involved a repeating cycle of running at the 
accelerated rate and qualification hot temperature for 50 million revolutions followed 
by several days of nominal speed operation over the qualification temperature range. 
Low sample rate data consisting of motor rms current, motor power, and temperature 
at several points on the actuator were taken to trend the health of the actuators during 
the accelerated portions of the life test. The nominal speed testing was performed to 
characterize the detailed health and performance of the actuator under nominal 
operating conditions periodically throughout the life test. The following data was taken 
during nominal speed characterization! motor rms current, motor average current 
(which is the true measure of torque via the motor torque constant), motor power, 
temperature at several locations, and accelerometer data (located over each bearing 
on the actuator). 
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Figure 3. Actuator Test Flow 



Figure 4. Post Life Test Flow 
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Test Instrumentation and Data Acquisition Rationale 

The test set used for the actuator life test was very extensive as can be seen by the five 
test racks shown in Figure 5. The test chamber was used as a thermal vacuum 
chamber (via a cryo pump) for torque testing and thermal design verification tests. For 
the long-duration accelerated life test, the chamber was hooked up to the boiloff 
nitrogen line of the building s large liquid nitrogen tank to provide an uninterruptable 
supply of high purity nitrogen. An in-line filter was used and gas analysis was 
performed to verify the purity of the nitrogen. Redundant pressure relief valves were 
set at 2.3 Pa above ambient (1/3 psig) to prevent over pressurization of the chamber. 



Figure 5. Actuator Test Chamber and Test Racks 


Very early in the program, torque tests were performed on individual bearings in test 
cartridges. Torque was sensed by a simple strain gauged flexure beam. Care must 
be taken when using simple flexures, however, as a resonance was encountered in 
some of the bearing cartridges when testing at cold temperatures. 

For the actuator life test, commercial motor controllers and amplifiers were used to 
drive the actuators. The commercial electronics were both economical and readily 
available, unlike the flight drive electronics. The flight drive electronics used digitally 
controlled 24-kHz pulse width modulated (PWM) drive circuitry, and to best mimic the 
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flight electronics a commercial system with digitally controlled 24-kHz PWM drive 
electronics was purchased. This, however, turned out to be a non-trivial integration 
when trying to duplicate the flight electronics to any degree. Problems were 
encountered due to lack of in-depth specifications and quality problems with the 
commercial servo vendor. One prime example was a case where the motors were 
consuming much higher power than predicted when hooked up to the commercial 
drive electronics. By looking at the current waveforms (lower trace on Figure 6) on a 
scope it was observed that the current loop had been poorly tuned even though the 
relevant information had been conveyed to the servo house. A quick phone call and a 
capacitor change correctly tuned the loop and produced the correct current waveform 
(upper trace on Figure 6). 



Figure 6. Motor Oscilloscope Traces 

The next difficulty encountered was in measuring power consumption within a few 
percent to satisfy a “desirement” of the thermal analyst to validate his thermal model. 
With a 3-phase pulse width modulated system this turned out to be a difficult task. 

True motor power in this case follows the equation 

3 Phase Motor Power = l 2 ^ «1 .5R + (K,*l avg *1 .5*° 5 «PF«co/1 41 .6) 
where I =current in amps, R = resistance in ohms, K, is the motor torque constant in oz- 
in/amp, PF is the power factor, and co is the motor speed in rad/s. Getting highly 
accurate rms and average current measurements from a 24-kHz pulse width 
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modulated current waveform turned into a science project and resulted in the use of a 
temperamental and expensive wideband power analyzer. The key mistake here was 
falling into the science project trap. The variability in motor power due to the variable 
drag torque produced by the grease drowned out the few percent power accuracy 
desired for thermal analysis. Much time and effort would have been saved making 
simple rms current measurements. 

Motor current data was taken via this wideband power analyzer to trend the actuator 
health throughout the test. This created another problem as the power analyzer was a 
new product that had poor software drivers and resulted in a high data error rate when 
sampled via the LabView data acquisition software. The erroneous data (95% 
success rate) did not pose much of a problem from a data standpoint as it was 
averaged out. However, this motor current data was also used as a test safeguard, 
and even with logic routines to filter out bad data, the problem resulted in the test set 
occasionally shutting itself down. 

Test set safety in general was a key part of the test set design. There was a need to 
ensure that the precision, flight-quality actuators would not be damaged by the test set. 
This led to the use of uninterruptable power supplies and isolation transformers to run 
all of the equipment. To further protect the actuators, there were software current limits 
in the motor controller, hardware current limits in the motor amplifier, fuses in line with 
the motor windings, and current limits in the data acquisition/test control computer. 

The system was designed to shut itself down in a safe manner if any anomalous 
condition were to occur. The test was run in an unattended /autonomous fashion so 
safeguards were built into almost every item. 

Unfortunately, the KISS (Keep It Simple Stupid) principle was violated here (see 
Figure 7) due to the impression that the customer would accept no lesser level of 
protection. The mistake was not convincing the customer that they would be better 
served by a more simple yet robust hardware protection scheme. Figure 7 is not 
intended to be read but rather to show the violation of the KISS principle. 
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Figure 7. Actuator Fault Protection Tree 


Test Results 


The 600-million revolution (2X life) actuator life test was successfully completed in 
October, 1998. More anomalies and problems were encountered with the test set than 
the hardware under test. Figure 8 shows motor rms current data throughout the 
accelerated life test. As can be seen, there was a gradual grease run in phenomenon 
on all six motors. Additionally, the scatter in viscous drag torque from unit to unit can 
be seen. The spikes in the plot correspond to periods where the test had been shut 
down and started up. This results in current/torque increases as the units initially are 
operating at a cooler temperature and the short-term grease run in also occurs. The 
only interesting data can be seen in the lowest plot. After approximately 160 million 
revolutions, there was a 10% drop in current/torque which occurred over the course of 
several days. Fortunately, individual bearing torque tests were conducted early in the 
program, and these step changes in torque (both increasing and decreasing) were 
seen and characterized as occurring due to the formation or absence of a grease 
meniscus between the cage and the inner land (the cage design is outer land riding). 
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The presence or absence of this meniscus would add a joumal-bearing-like viscous 
drag component to the bearing and the ample lubricant amount allowed this to occur 
at random. 
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Figure 8. Accelerated Life Test Data 


Figure 9 shows data taken during the nominal speed characterizations, which were 
run at 50-million revolution intervals throughout the accelerated life test. Again data is 
nominal with grease run in evident. 
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Figure 9. Nominal Speed Characterization Data 



Lessons Learned 

A brief summary of the lessons learned follows: 

- Perform a failure modes analysis to determine what one is really testing for, 
especially if not given the liberty of a qualification fidelity unaccelerated life test. 
Don’t develop a test plan alone. A test plan review by a panel of experienced 
engineers and specialists in fields such as bearings, motors, and lubricants will 
prove invaluable. Not only will a more sound test plan be developed, but the 
validity of the test will be able to withstand outside scrutiny. 

- Verify the need/validity of all test requirements. For instance, months were spent 
trying to get highly accurate motor current and power measurements when the 
grease method used to lube the bearings resulted in variation much higher than 
the perceived measurement requirements. In short, don’t get caught pursuing 

perfection. . . 

Design for test if at all possible. The use of readily available parts in the design, 
such as high-precision metric bearings, allowed the life test unit to be built quickly 
such that there was time to perform a life test. 

- Don’t skimp on lubricant quantity. A few watts may be saved at the risk of a few 
million dollars. The selection of generous quantities of high-performance lubricant 
for bearings designed to operated in the EHD regime provided the cornerstone for 
a valid accelerated life test. 

- Test to the highest level of fidelity possible. By testing at the system or subsystem 
level failures may be uncovered that might be missed in component testing. 
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- Understand the effects of the test environment. The atmosphere and temperature 
chosen for a life test have a great impact and must be chosen with care. 

- Keep the test articles safe. The test set was designed with the philosophy “when in 
doubt, have everything shut itself off in a safe manner”. Unfortunately, this was 
taken a little too far and initially the test shut down quite frequently. 

- The KISS principle applies to the test set as well. By trying to make the test overly 
safe and measure with high precision, this principle was forgotten. The price was 
paid in terms of test set reliability and lost schedule debugging the complex system. 
Don’t fall into the science project trap that all engineers are vulnerable to. 

- Beware of trying to set up and run a test with a primarily mechanical background. 
The test approach involved mechanical engineering, however setting up the test 
was almost entirely an electrical engineer’s job and this was learned the hard way. 

- Usefulness of oscilloscopes. Always look at everything on a scope, even if you 
think there won’t be anything interesting and especially if you are a mechanical 
engineer. Checking out things on the scope revealed many surprising things. 

- Problems/benefits of commercial drive electronics to run the actuators. The 
benefits are low cost and availability. However, it is important to produce a detailed 
specification prior to purchase. Many problems were found getting the commercial 
electronics to work properly with the actuators. 

- Danger of Using New Test Equipment. Much time and money was spent 
debugging the test equipment new to the market. When new software or software 
drivers are also involved, the problem only gets worse. Don't fall into beta testing 
new test hardware/software no matter how wonderful it may seem. 

- Segmented Life Testing. A complex mechanism can often be broken down into 
several key subassemblies. When testing these subassemblies individually, it 
often results in the ability to perform timely, yet representative life tests. 

- Appropriate Staffing. Life tests rarely get staffed or budgeted properly. Life tests 
must be conducted in a timely manner, however, and it takes at least one full time 
engineer with little distractions to do this. 

- Start Testing As Soon As Possible. Don’t let the start of a life test wait for a test set. 

If a complex test set is to be used (and it should be avoided if possible), get the test 
started before the test set is ready. This can be done by performing simple 
characterization tests to validate the unit’s performance going into the test, and 
again at the point the test set is ready for integration. 

As a final comment, life tests are invaluable when conducted properly and are 

worthless or even costly when not done properly. Quality products require quality 

testing. As much consideration should be given to the details of the test as to the 

details of the design. 
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Flight Operations Experiences with Long Life Mechanisms 

Bill Purdy’ 


Abstract 

The on orbit history of several different long life mechanisms on a constellation of low 
earth orbiting satellites will be presented and studied. The satellites are designed for 
long duration, high reliability operation, and have been in production for many years. 
Security restrictions prohibit releasing further details on the satellites, however, full 
disclosure on the mechanisms' history has been approved. 


There is a rich history to study as all of the mechanisms discussed in this paper have 
over 10 units with extensive on orbit operation. There were life-related problems 
encountered in several of the mechanisms that threatened the life of the satellites. 
These life problems occurred despite the excellent manufacturing and acceptance 
pedigree of the mechanisms. This fact shows that as satellites are required to operate 
longer mechanisms can be one of their life-limiting systems. 

Introduction 

All of these mechanisms have seen widespread usage in space and have had papers 
written focusing on their design and qualification. All of the mechanisms were 
required to support a 5-year life. This paper will summarize the design details while 
studying the flight history of this program in depth as it relates to long life issues. 

Long life mechanisms pose one of the most difficult challenges in space qualification. 
The most applicable life tests are run at unaccelerated speeds for at least two times life 
and contain multiple test units. The only practical means of gathering such extensive 
and time consuming data is flight heritage, but successfully understanding and 
utilizing heritage is tricky. This paper will present the case that there is no perfect 
solution to long life qualification and discuss the benefits and risks of all the basic 
approaches as demonstrated by this program’s history. 

This paper is intended to provide feedback to the mechanisms community from the 
results of flight operations. It is the goal of this paper to educate mechanism designers 
and engineers about the end result and application of their labors. Data regarding the 
on orbit performance of several specific mechanisms will be provided. The lessons 
learned with respect to qualifying and operating long life mechanisms 
will be discussed and will be written in bold italics like this sentence. 


Naval Research Laboratory, Washington D.C. 
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Long Life Mechanisms in this Paper 


The suite of long life mechanisms is shown schematically in Figure 1 and includes: 

1 Redundant scanning Horizon Sensors 

2. A Solar Array Drive Assembly (SADA) containing non-redundant actuators driven 
by redundant electronics 

3. A mechanical Tape Recorder 

4. Redundant Momentum Wheels 

The tape recorder is commanded independently as are the solar array drive actuators. 
The usage of the momentum wheels is interrelated with the horizon sensors in the 
pitch control loop that will be discussed later in the attitude control section. 



Figure 1: Satellite Mechanisms Block Diagram 


Overview of On Orbit History 


The on orbit reliability of the mechanisms is tabulated in Figure 2. It is interesting to 
consider how these proven results compare to the 99% reliability that engineers are 
regularly required to promise. It is also interesting to consider that with a highly 
redundant spacecraft and some clever engineering, satellite operations were not 
compromised by all of these struggles. The longest life column shows the highest 
amount of operational time that a single unit has achieved to date. 
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The horizon sensors have had a troubled history on orbit. The mechanisms had 
bearing lubrication problems that were not uncovered until after experiencing on orbit 
failures. The SADA's have had one or two units with mechanical problems. The tape 
recorders have operated flawlessly. The momentum wheels have had no mechanical 
problems and one problem encountered the drive electronics of one unit. 


MECHANISM 

SPEC LIFE 

LONGEST 

LIFE 

EARLIEST 

FAILURE 

MECHANICAL 

RELIABILITY 

COMMENT 

ORIGINAL 

HORIZON 

SENSOR 

5 YR 

4 YR 

<1 YR 

40% 

ALL FAILURES BEARING 
RELATED 

IMPROVED 

HORIZON 

SENSOR 

5 YR 

1 + YR 

NONE 

100% 

NO FAILURES ON ORBIT, 
2 UNITS OK IN 4 YR LIFE 
TEST 

SADA 

5 YR 

6+ YR 

3+ YR 

-90% 

1 OR 2 MECH FAILURES 

TAPE 

RECORDER 

11,000 

CYCLES 

~ 10,000 
CYCLES 

NONE 

100% 

NO FAILURES 

MOMENTUM 

WHEEL 

5 YR 

>7 YR 

NONE 

100% 

NO MECHANICAL 
FAILURES 


Figure 2: Mechanisms Reliability Summary 


Attitude Control System 

It is important to understand the basic operation of the attitude control system in order 
to study the performance of the horizon sensors and the momentum wheels. Each 
spacecraft is equipped with redundant Ithaco scanning earth sensors (commonly 
referred to as horizon sensors) for its primary attitude reference. These horizon 
sensors serve as the primary feedback for a momentum-biased closed-loop control 
system, as shown in Figure 1 . Each spacecraft is also equipped with redundant 
Honeywell model Ml 6 momentum wheels that provide the bias momentum and serve 
as the primary closed loop pitch actuator. The momentum wheels are torqued in 
response to deviations from commanded attitude as sensed by the horizon sensors. 
The momentum wheels are kept within speed limits of 5200 rpm and 5900 rpm and 
are run in one direction only. The attitude control system can use only one momentum 
wheel at a time. The attitude control system can use either one of the horizon sensors 
individually or, for maximum accuracy, it can operate with both horizon sensors on and 
average their readings. The original operations plan was to use both horizon sensors 
all the time. The operations plan was changed in response to the problems to operate 
exclusively on one horizon sensor at a time so that the operational life of their bearings 
was minimized. The flexibility that was built into the architecture of the 
attitude control system was crucial to keeping the satellites operating 
after experiencing horizon sensor failures. 
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Horizon Sensor 


Horizon sensor design 

The horizon sensor was required to be capable of being used continuously for 5 years. 
The horizon sensor uses a stepper motor to rotate a prism and thus a beam of sensed 
energy relative to the earth continuously at 120 rpm. The rotor is mounted on a pair of 
angular contact bearings under light axial spring preload. The bearings are roughly 
50 mm (2 inches) in diameter. The contact stress in these bearings is approximately 
550 MPa (80 ksi). The bearings were lubricated with Bray 81 5Z oil and operate in a 
mild boundary lubrication regime. 

Horizon sensor qualification for Iona life 

The horizon sensors were judged by the satellite program engineers as qualified for 5- 
year life based upon their flight heritage. At the time that the decision declaring them 
qualified was made, four units had been flown on Landsat with one unit having failed 
at 3 years life due to excessive bearing drag and 3 units presently operating at 5 or 6 
years on orbit. As a result of the on orbit failure, controls on the bearing lubrication 
process were improved in expectation that this would fix the problem for future builds 
including this program. Additionally, a life test had been performed by Ithaco for the 
Upper Atmospheric Research Satellite (UARS) program. The UARS life test had been 
run entirely at the maximum operating temperature of 50°C to 60°C. The horizon 
sensor failed this life test at 2.5 years. Analysis showed that the failure had been 
caused by excessive bearing drag torque due to lubrication breakdown. It was 
decided at the time, in error, that this failure was a result of constant operation at 
maximum temperature. The test was judged to be accelerated by a factor of 5 to 10 
based on the relative elastohydrodynamic (EHD) film thickness at temperature and 
thus the failure would not have occurred until well after the rated life had the unit been 
kept at its normal operating temperatures. No one involved had the tremendous 
amount of foresight that would have been required to anticipate the trouble that lay in 
store for them. 

Analysis performed years later after a troubled flight history found that the UARS life 
test failure was truly indicative of the problems experienced on orbit. In conclusion, the 
qualification decision was based upon an on orbit history with 3 out of 4 units 
exceeding five years life, one unit failing at three years life and a life test that had a 
failure at 2.5 years that was judged to have been excessively harsh. While hindsight 
proved this decision to be flawed, we are all faced with tough decisions facing the 
qualification status for life. The engineers involved were faced with the typical 
dilemma of: 1) scattered, imperfect data with some conflicts and 2) not enough time to 
do a full unaccelerated life test before launch. Each piece of evidence regarding 
qualification had been adjudicated individually, thus there were no concerns within the 
satellite program or at Ithaco prior to the first launch of this satellite. 
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Horizon sensor flight history 

Over half the horizon sensors have failed before accumulating 4 years operation on 
orbit. Within 10 months of the first launch, one of the horizon sensors began delivering 
erratic pitch and roll readings. Initially it was undetermined whether this was caused 
by electronics problems or the scanning mechanism. There were some intermittent 
symptoms that could be traced to electrical noise, however the sustained erratic 
behavior was not understood. The electrical problems were fixed for subsequent 
launches, but as time on orbit increased more horizon sensors experienced the same 
sustained erratic performance problems. Eventually the root cause of the problem was 
determined to be a mechanical flaw in the bearings and was fixed in later horizon 
sensor builds. This mechanical flaw will be reviewed in detail shortly. 

The symptoms associated with a failing horizon sensor are first seen as 
noisy roll and pitch outputs that are typically not a problem for the 
attitude control system. The noise periods will come and go for a period of up to 
months in the first phase of the failure. This first phase is caused by the motor 
occasionally slowing below 120 rpm and thus corrupting the pitch and roll readings. 
Eventually the noise will grow to a level that is problematic to the attitude control 
system. At this point in the failure the motor is drastically slowing with erratic speed 
variations making horizon readings virtually meaningless. At this time the horizon 
sensors are considered failed and turned off. However, if they are turned back on they 
will sometimes operate for weeks or more without experiencing trouble. These 
healing phenomena made troubleshooting especially challenging. 

It was very difficult to troubleshoot this electromechanical system undergoing 
intermittent failures occurring over a long period of time. It was extremely difficult to 
identify and confirm the true source of the problem with the limited telemetry available. 
One of the problems inherent in troubleshooting problems on orbit is that the hardware 
involved is required for mission operations and engineers’ requests for 
troubleshooting tests are frequently refused because they would interrupt operations 
or they require the satellite to be placed in risky operating modes. Troubleshooting 
mechanism problems is difficult on earth and it is far more difficult on 
orbit. Ultimately two primary data points showed us that the problem had to have 
been caused by increased bearing drag slowing the scan speed. The first key data 
point was that a horizon sensor temperature rise was evident at the time 
of the erratic signal. This temperature rise was caused by a slow speed voltage 
boost circuit in the sensor. The second key data point was that ground test units had 
similar performance when operated at voltages such that their speed was slow and 
erratic. 

A lengthy failure investigation ultimately determined the failure cause to be breakdown 
of the Bray 81 5Z oil in the bearings precipitated by the introduction of titanium debris 
This failure had several contributing factors: 

1) Titanium fretting debris 

2) Bray 815Z susceptibility to breakdown in boundary lubrication regime 
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3) Oil starvation 

The titanium debris results from fretting wear between the bearing inner race and its 
titanium seat. The fretting wear only occurs on some units because the fit of the 
bearing to the seat is nominally line-to-line so thus manufacturing tolerances will result 
in some bearings having a light press fit, which eliminates the fretting. This 
manufacturing variability is the cause of the widely varying life experienced on 
different units. A careful re-examination of test and manufacturing records determined 
that all failed as well as successful units were in family and within tolerance. The 
bearings were operating in a moderate boundary lubrication regime, which is now 
known to be troublesome for Bray 81 5Z oil. Additionally, the bearings had a 
somewhat minimal quantity of oil. The specifications for the horizon sensor included 
operation at -35°C while at minimum bus voltage of 24VDC. The oil quantity had to be 
minimized by design in order to have adequate torque margin at this corner of the 
operating envelope. This minimal oil quantity was subject to surface migration out of 
the bearings and also subject to absorption by the phenolic retainer. In conclusion, 
the oil starvation and boundary lubrication left the bearing very susceptible to debris 
problems. Subsequent examination of the UARS life tests unit found titanium in an oil 
sample indicating that this had been the failure mode for that test as well. Thus the 
UARS life test failure was a true failure misinterpreted as a flawed test, 
which is a common scenario for accelerated life tests. 

These problems were fixed by a redesign of the horizon sensor for later builds. The 
redesign changed the fit of the bearings so that all bearings were installed with a light 
press fit. The redesign also changed to Pennzane oil with a lead naphthenate 
additive. The redesign relaxed the operating specification to -20°C at 28VDC since it 
was determined that it was unrealistic for the worst case stack of minimum spacecraft 
bus voltage to occur at the same time as minimum horizon sensor temperature. 
Furthermore the horizon sensors have 17°C of self heating on orbit. The final cold 
case requirement for the horizon sensors was to start from -20°C within 15 minutes 
thus allowing for self heating while at a supply voltage of 28VDC. This realistic worst 
case requirement allowed a generous quantity of oil in the bearings. A smart 
mechanism customer must work with the mechanism vendors to 
understand all the design implications of his specifications and modify 
his specification wherever its conservatism leads to reliability reductions. 
So far, two horizon sensors with the improved design have been in life test for 4 years 
with no problems. Several units in this configuration have been successful on orbit for 
over a year of operating time. 

The usage of the horizon sensors on orbit was modified after the problems came to be 
understood. The horizon sensors that are on orbit are presently operated only one at 
a time to minimize the “mileage” that they must accumulate. The horizon sensors are 
mounted on different sides of the spacecraft so seasonal thermal variations result in 
one sensor being on the cold side while the other is on the hot side. Only the cold side 
sensor is used in order to maximize the film thickness of the oil in the bearings. This 
approach has been in operation for some of the horizon sensors for their entire life 
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while it could only be implemented for others after they had been operated 
continuously for some time. This scheme has greatly extended the useful life of the 
sensors. Only 1 of 5 horizon sensors operated only while cold has failed. The 
improved horizon sensors are also operated in this manner as a safety precaution and 
to limit their mileage. The lesson learned here with the horizon sensors and 
elsewhere with the SADA is that limiting the mileage required of long life 
mechanisms as much as practical can help prolong the life of the 
satellites that depend on them. 

Solar Array Drive Assembly (SADA) 


SADA design 

The SADA for this spacecraft consists of four identical actuators that provide two-axis 
gimballing for two independent solar array wings as shown in Figure 1 . Each wing is 
required to be rotated continuously about its pitch axis at a rate of 0.001 rad/sec (0.01 
rpm). Each wing is moved about an azimuth axis 2 to 3 degrees per day so these 
azimuth actuators are not discussed as a long life mechanism. The SADA was 
required to be capable of performing this duty continuously for 5 years. The pitch axis 
SADA has a slip ring assembly to accommodate the continuous rotation. The SADA is 
a Schaeffer Magnetics model 103785 consisting of four type-five actuators. Each 
actuator consists of a stepper motor driving a harmonic drive and is based upon the 
actuators covered in the paper A Broadbased Actuator Concept For Spaceflight 
Application presented at the 17th Aerospace Mechanisms Symposium. The actuators 
were lubricated with Braycote 601 grease plating. 

SADA qualification for Iona life 

The actuator was qualified by a life test of one unit that successfully ran in vacuum for 
6.5 years at twice the nominal pitch speed. The accelerated speed was an acceptable 
approach, and comparable to an unaccelerated life test, because both the nominal- 
pitch speed and the doubled pitch speed are effectively a series of single steps for the 
actuator. At the conclusion of the life test, the actuators were disassembled and 
examined. The Bray lubricant had been blackened in the bearings, however, the 
actuator showed no signs of performance degradation at test shut down. The bearings 
and gears were still in good condition. This test could not be started in time to finish 
before the first satellite launch. The test still provided supporting data for life 
qualification of the SADA actuators at first launch by virtue of anomaly free test data, 
albeit at less than required life. The test was concluded before later launches and was 
very valuable for 3 reasons: 

1. Qualification for later satellite builds 

2. Data providing insight into expected life of on orbit SADA’s from early 
launches 

3. Engineering understanding of mechanism resulting from teardown and 
inspection. 
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The lesson learned from this life test approach is that while 
unaccelerated life tests may not provide full qualification data in time for 
first launch they are still extremely valuable. 

SADA flight history 

Over 10 SADA pitch actuators are currently in orbit on this program. Of those units, 
one pitch actuator has definitely stalled due to mechanical reasons. The problem on 
this actuator was proven to be mechanical in nature because the redundant actuator 
drive electronics could not move the actuator during troubleshooting tests. The nature 
of the satellite’s power system design is that it has a large margin and can still provide 
enough power to the spacecraft if one of the pitch actuators is stalled but only if the 
actuator is stalled at or near its local top dead center. A second pitch actuator has 
been turned off at its top dead center (TDC) position after seeing symptoms similar to 
those observed on the first failure as a precautionary measure. It was decided not to 
try to solve the problem using its redundant electronics because if the problem was 
mechanical and the actuator then stalled away from TDC there would be a serious 
operational impact to the satellite. Operationally there are now automatic safeguards 
in place to turn off any SADA pitch actuator at this safe TDC position when it is 
observed to be running slowly. The large power margin allows us to turn off 
the pitch actuators during periods of beneficial sun angles in order to 
limit their accumulated mileage and also allowed the satellite to survive 
the actuator failures that were encountered. The remaining pitch actuators 
and all of the azimuth actuators are working properly. Some of the pitch actuators 
have now exceeded their 5-year design life goal. Overall approximately 90% of the 
pitch actuators have been trouble free. 

The symptom observed in the failing actuator is that it gradually starts 
running slower than its commanded rate. We believe that this occurs as the 
actuator begins missing steps due to excess drag torque. This symptom is similar to 
those of the stepper motor driven horizon sensor and is fairly typical of stepper motor 
driven mechanisms. 

Failure investigations on the ground revealed that manufacturing instructions called for 
two different grip length screws to secure a cable clamp in adjacent locations. It turns 
out that if the screws are reversed then the longer screw protrudes against a seal in 
the actuator putting undue pressure on the seal leading it to wear excessively and 
generate large amounts of debris. This scenario has been identified as the most 
probable cause of the on orbit failure. This screw length problem was fixed in later 
builds of the SADA. This problem would not have occurred if the fasteners 
were in blind holes that would have prevented them from protruding into 
the actuator where they can cause trouble. 
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Tape Recorder 


Tape recorder design 

Each satellite has one non-redundant Odetics model DDS-5000 tape recorder as 
shown in Figure 1 . The tape recorder is sealed in a nominal environment of 90% 
Nitrogen and 10% Helium at a specified relative humidity at a nominal 110 kPa (16 
psi). This atmosphere is chosen to assure proper tape life. The tape recorder routes 
6-mm (1/4 inch) tape from one reel to another through a pulley based tape path. The 
recorder is driven by a brushless DC motor driven in a closed loop system to maintain 
constant tape speed. The tape is tensioned by a negator spring spool applyinq 
tension between the two reels through a differential gear system. The negator spring 

is known to have a limited fatigue life so the tape recorder is rated for 1 1 ,000 record 
and playback cycles. 


Tape recorder qualification for long life. 

The tape recorder used a very mature design that had been in recurring production for 
over 10 years. There was ample flight heritage for the design with no problems 
encountered in flight at the time of the first launch for this program. An unaccelerated 
life test had been successful on a very similar recorder at over two times the life 
required of this one. Each lot of flight negator springs would have a sample life tested 
to failure to verify that the remainder of the lot would exceed the rated recorder life. 

This was a very thorough qualification approach that including flight heritaqe and 
similarity to previous unaccelerated life testing 


Tape recorder flight history 

The tape recorders have had a pretty uneventful life from a mechanical point of view. 
There have been no problems with the mechanical or electrical aspects of these tape 
recorders. Some of the tape recorders are now approaching their rated life of 1 1 000 
cycles. The tape recorders were used quite heavily early in the mission of the first few 
satellites launched. It was then pointed out to the operations team that the 1 1 000 
cycle life would be used up prior to the required 5 year life at this rate of usage. After 
this, the tape recorders have been used more judiciously. This event shows the 
importance of cognizant engineers working with the operations team to 
maximize the life of the spacecraft. 


Momentum Wheel 


Momentum wheal design 

Each satellite is equipped with redundant Honeywell model Ml 6 momentum wheels. 
The usage of the momentum wheels is described earlier in the attitude control system 
description. The momentum wheel consists of a flywheel, a bearing suspension 
system, a DC brushless motor commutated by hall sensors and integrated electronics 
The bearing suspension system consists of two pairs of angular contact bearinqs 
mounted in cartridges. There is one fixed cartridge restrained in the radial and axial 
direction and one floating cartridge that is free to move axially while it is restrained 
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radially. The bearings use inertially biased retainers and are grease lubricated 
supplemented by oil from sacrificial reservoirs. All of the mechanical components are 
contained in one housing evacuated to a high vacuum on the ground. 

This momentum wheel design evolved from a variety of wheel systems previously 
designed and produced at Honeywell. These heritage programs include the NASA 
standard reaction wheel, the FleetSatCom momentum wheel and various control 
moment gyroscopes (CMG). 

Momentum wheel qualifi cation for long life 

Flight history of the heritage wheel systems from which the Ml 6 wheel evolved were 
used as the basis of qualification for long life. The most similar wheel to the Ml 6 is the 
FleetSatCom momentum wheel that had flown successfully seven times between 
1975 and 1986. The NASA standard reaction wheel, which shared many elements 
with the Ml 6, had flown 3 times by 1988. There was substantial experience from the 
CMG's that was fairly applicable. 

Ultimately, the heritage of the bearing system designs was the essence of the life 
qualification. Honeywell put effort into maintaining a fairly thorough knowledge of the 
flight history of their wheels. This comes from their research into the life of the ^ 
satellites that used the wheels as well as the principle that "If the phone doesn t ring, 
then it must be good news". It is nearly impossible for a vendor to truly know the flight 
history of their products as feedback from flight operations teams has a long way to 
travel to get back to a vendor. The only strong motivation to tell a vendor of the flight 
history is when something goes wrong on orbit, otherwise there is very little motivation 
for engineers to make the effort to tell the vendor of their successes. / would 
recommend that mechanism engineers be more proactive in tracking 
down the true flight history of their mechanisms. 

Momentum wheel flig ht history 

The momentum wheels have had a good flight history. They have experienced no 
mechanical failures and only one unit has had an electrical failure. The electrical 
failure was isolated to the circuit containing a hall sensor used to commutate one of 
the phases of the motor. The momentum wheel continued to run albeit roughly and 
with a higher current draw after this failure of one of its three phases. The wheel was 
turned off despite the fact that it was not degrading the operation of the satellite. The 
wheel is unlikely to restart if it is commanded back on if it has happened to come to 
rest on the dead motor phase, but should restart properly if it has come to rest on one 
of the two good phases. A decision was made to turn the wheel off because it is spun 
down each time an attitude anomaly causes the satellite to be placed in safe hold 
mode. Thus a switch to the redundant wheel would involve rolling the dice with the 
stop position once, while staying on the primary wheel would involve “rolling the dice” 
with each safe hold encountered, and would make safe hold recovery a risky 
operation. Overall, switching wheels was the safer choice for this mission although in 
some other scenarios operating a three-phase motor on two phases might be less 
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risky than turning it off in a troubleshooting effort. The lessons learned here are 
to carefully study all the implications of failure response options, if time 
permits, and to leave wheels running if at all possible until all of the 
implications of turning them off are understood. 

Flight Data Analysis 

All of the mechanisms on these satellites have their telemetry data studied to evaluate 
their state of health in a variety of ways. There are computer driven checks of all 
telemetry against preset alarm limits. Personnel at the spacecraft operations site 
perform daily checks at a higher level of scrutiny for the horizon sensor and 
momentum wheel data in response to the troubled history. A computer on board the 
satellites continually checks the speed of the SADA pitch actuators so that the SADA’s 
can be parked in their safe position should a slowdown be observed while the 
satellites are out of ground contact. The author, in his role as mechanisms subsystem 
engineer, trends data monthly for the momentum wheels, horizon sensors and tape 
recorders to look for long-term trends that may indicate impending problems. There is 
very little telemetry data that is studied as part of the on orbit performance analysis for 
the SADA. This is because the unit either runs at full speed at nominal current or it 
runs below full speed. 

This experience has shown the author three advantages of involving 
mechanism engineers in flight operations: 

1. Good satellite operations 

2. Good training for mechanism engineers 

3. Improved corporate memory 

Long Life Qualification 

This somewhat troubled on orbit history of four different mechanisms with many units 
of each on orbit for many years highlights the difficulty of truly qualifying long life 
mechanisms. It also clearly demonstrates that mechanisms can be a key life limiter on 
long life spacecraft. It is important to note that none of these complex, highly 
redundant spacecraft were disabled by mechanism failures; a credit to the engineering 
that resulted in a very robust satellite architecture. Some of the mechanism failures 
did, however, lead to degraded performance and greater risk of losing the satellite 
upon subsequent failures of mechanisms or certain other subsystems. The 
mechanisms on this program were designed, built and tested very carefully by 
competent engineers yet several problems were still encountered. 

The satellite and mechanism engineers are faced with the following basic options for 
long life qualification: 

1) Unaccelerated life test that will not reach full life by launch 

2) Accelerated life test, which imposes risks of erroneous test results 
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3) Qualification by flight heritage of similar units 

4) Qualification by similarity to previously qualified designs 

All of these options are typically imperfect. Figure 3 presents a matrix of the 
mechanisms on this satellite, the combinations of methods that were used and the on 

orbit reliability 

Option 1 - the nnannelerated life test is a valid test however the results for full life are 
rarely available at the time of launch. The benefits of this option are that the test 
results are definitely valid and that the life test can be continued while the satellite is 
on orbit. This was the qualification method used for the redesigned horizon sensors. 

At the time of their launch, we had over a year of reliable operation in test and a deep 
working knowledge of the mechanism. The life test has been continued and is now at 
4 years and running. This ongoing life test continues to provide confidence that the on 
orbit horizon sensors will continue reliable operation. 

I consider the life test of the SADA pitch actuator to be more of an unaccelerated test 
even though its acceleration rate was 2:1 because the accelerated speed was still 
extremely slow and representative of the flight speed. This test was proven to be 
imperfect by the 1 or 2 on orbit actuator failures that occurred before the 5-year life 
requirement was reached. I believe that this failure mode was unidentified in part 
because only one actuator was under life test. The engineer who managed this 
spacecraft design for the sponsor told me that “When you run and pass a life test on 
only one mechanism then the only thing you know for sure is that you should have 
flown that one”. The flight SADA actuators have shown a failure rate of roughly 1 in 10 
at 5 years so it was likely that the one unit under test did not fail. Clearly it would 
require a large number of actuators under test to be sure of exposing this type of 
failure mode. A lesson learned on this program is that life tests should 
include as many units as affordable. 

Option 2 - the an nalnrated life test combined with option 3, flight heritage, best 
describes the approach used for the original horizon sensors. At the time of the first 
launch this was effectively a sample of 5 mechanisms, 4 on orbit running at nominal 
speed on orbit and one life test unit. The test unit failed prematurely due to excessive 
bearing drag as had one unit on orbit. The life test failure was misinterpreted as an 
unfairly harsh test when in reality it was a valid failure. This highlights the risk of 
accelerated testing. 

Accelerated life tests can provide value if they are interpreted properly. The saga of 
the horizon sensors showed that even good and competent engineers are very 
susceptible to drawing invalid conclusions from accelerated life tests and flight 
heritage. The fatal flaw in judging the horizon sensors qualified on the basis of flight 
heritage plus an accelerated life test was improper interpretation of failures in both 
cases A good approach to setting up a valid accelerated test is to ask 
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yourself "If the mechanism fails this test will I (we) interpret this as a true 
failure of the mechanism?” 

The decisions regarding choosing unaccelerated tests or accelerated tests are very 
tough. The choice typically comes down to having highly accurate unaccelerated data 
for half of the required life or slightly suspect accelerated life test data for all the life. 

The option of performing unaccelerated and accelerated life tests in parallel with 
multiple units is very appealing and very expensive. Perhaps this on orbit 
history makes the case that paying the high cost now of thoroughly 
qualifying mechanisms is less painful than paying the very hiqh cost later 
of losing a satellite prematurely. 


Option 3 - Qualification by flight heritage was used in conjunction with option 4, 
qualification by similarity, successfully on the momentum wheels and tape recorders. 

Option 3 was used in conjunction with an accelerated life test, option 2, unsuccessfully 
on the horizon sensors. 

The tape recorders had the most applicable flight heritage because they were in 
recurring production. The Ml 6 momentum wheel used on these satellites was not an 
exact duplicate of any other wheels with flight heritage, although it did contain 
significant similarity to a variety of wheels with good flight heritage. The wheels that 
the Ml 6 wheel was compared to had a large number of successes on orbit and no 
failures. Honeywell had put effort into researching this on orbit history. The wheel 
used the same technological approaches as these other successful wheels and this 
technology was well understood. 

The horizon sensors based their heritage on the 4 sensors flown on the Landsat 
program. The flight heritage of the Landsat horizon sensors was that 75% (3) lasted a 
long time and 25% (1) failed prematurely. This is basically the same as the some 
worked well while some failed early results on this program. 

Using the flight heritage approach has strength yet brings considerable risks. No other 
approach offers the large quantity of unaccelerated performance data A risk is the 
difficulty in properly knowing the complete flight history of a mechanism because the 
experience gained by operations teams about a mechanism’s reliability rarely filters 
back to the mechanism vendors and often doesn’t even filter back completely to the 
people who designed the satellite. The second risk in using flight heritage is that the 
flight units that are the basis of qualification were, by definition, built many years ago 
This leads to the risk of minor changes to processes, materials or designs being 
implemented and invalidating the qualification. It is very hard to maintain the 
necessary manufacturing consistency required to justify the qualification with the verv 
low production rates of space mechanisms. 

O pt i on 4 - qua li fication by similarity was used significantly on this program for the 
momentum wheels as part of the qualification by flight heritage. Similarity to a life test 
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unit supported the flight heritage for the tape recorder qualification. In this discussion, 
qualification by similarity is defined as basing the qualification of one mechanism on 
the qualification of a similar but not identical mechanism’s qualification. One of the 
inherent risks of qualification by similarity is that minor changes are analyzed and 
often assumed to have no effect. Another risk is that the details of the qualification 
history or the flight heritage are not fully known by the people making the qualification 
decisions. Thus people are assuming that the qualification test and/or flight operations 
went perfectly when that might not be the case. 

The momentum wheels had several minor deviations from previous designs but no 
changes in technology to adapt them for this mission. In the case of the momentum 
wheels, none of the risks were realized. The horizon sensors had improved 
lubrication process controls for this mission. These improved controls were presumed 
to have corrected the flaw that had resulted in the Landsat sensors in which 3 of 4 
flight units made its five-year requirement. I think there are two keys to the success of 

this similarity approach: ni 

1 The flight heritage or qualification of the similar units is well known and very 

successful 

2. The technology involved in the mechanism is well understood 
The cases of the wheels and recorders both meet these criteria. The horizon sensors 
had flight heritage that was well known but not completely successful. History showed 
that the bearing lubrication and mounting techniques in the horizon sensors were not 
well understood. The qualification by similarity assumption that improved lubrication 
process controls had fixed the on orbit failure mode highlights the risk of this approach 
That risk is that we engineers think we are smart enough to know that 
small changes result in predictable results - either improvements to 
flawed designs or no degradation of proven designs. 
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Figure 3 Qualification Methods And Results 
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Long life qualification recommendations 

In summary, this analysis coupled with this flight heritage show that demonstrating 
anything near 99% reliability for long life mechanisms is very difficult even if there is 
good flight heritage to draw upon. The SADA experience shows that an inordinately 
high number of units under test is required to show this kind of reliability level. The 
techniques of flight heritage and similarity had success (momentum wheels & tape 
recorders) and trouble in their application (horizon sensors) on this program. While 
the problem of long life qualification is very difficult, it is my opinion that the space 
industry can do a lot better than its previous record. Qualification by flight heritage is 
the only practical method that provides a data source for real world, unaccelerated life 
testing with statistically valid sample sizes. Here, as in qualification by similarity there 
are risks of improper knowledge or interpretation of flight history as well as the ever 
present risk of reliability impacts due to process changes or seemingly minor design 
changes. So, what's to be done with this imperfect situation? I say make the 
effort to research your mechanisms’ flight history, plan extensive 
qualification test programs, and fight for the budget necessary to do this 
by highlighting the challenges and history presented herein. 

Conclusion 


Lessons learned 

The lessons learned in this study were highlighted as they were discussed and are 

listed below by subject matter. 

Long Life Qualification 

• Accelerated life tests are dangerous. Ref: Horizon sensor 

• Unaccelerated life tests are valuable even if not completed by launch Ref: SADA, 
Improved Horizon Sensor 

• Qualification by flight heritage is very good if used properly. Ref: Momentum Wheel, 
Tape Recorder, 

• Qualification by flight heritage is dangerous if heritage is poorly understood Ref: 
Horizon Sensor 

• It is very hard to leam a mechanism’s flight history, it requires research and 
discussions w/ satellite operators, satellite builders, and mechanism vendors 

• There is a big risk of misinterpretation of flight or accelerated life test failures. Ref: 
Horizon Sensor 

• Extensive qualification with multiple units and sometimes multiple test regimes is 
very expensive yet very valuable 

Flight Operations 

• Mechanism engineers need to be involved in flight operations 

• Minimize the mileage required on orbit. Ref: SADA and Horizon Sensor 

• Troubleshooting mechanisms on orbit is very difficult 

• On orbit failure or anomaly response requires careful study of risks before taking 
action, if time permits. Ref: Momentum wheel 
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• Large margins in satellite power provide a) some tolerance for SADA problems 
and b) options to limit SADA mileage 

Design / Technical 

• Avoid starving bearings of lubricant. Ref: Horizon Sensor 

• Use press fits for bearings to avoid fretting. Ref: Horizon Sensor 

• Use blind holes for external fasteners wherever possible. Ref: SADA 

• Beware of unrealistic specifications driving design. Ref: Horizon Sensor 

• Customer and vendor should work together to avoid excessive specifications. Ref: 
Horizon Sensor 

Mechanism symptoms 

• Stepper motors slow down when overloaded but sometimes recover temporarily. 
Ref: Horizon Sensor, SADA 

• Motor temperature rise can be associated with motor slowdown. Ref: Horizon 

Sensor . . 

• Erratic Horizon Sensor readings for sustained periods are indicative of motor 

slowdown. Ref: Horizon Sensor 

• Higher, more erratic current draw for a motor w/ 1 phase failed. Ref: Momentum 
Wheel 

Mechanisms are a key life limiter for long life satellites no matter how carefully they are 
built and tested. Qualification for long life is very difficult. These two facts highlight 
why long life mechanisms require special attention and require extensive and 
expensive qualification programs. Long life satellites should be designed with robust 
and carefully designed architectures to provide graceful degradation in the event of 
mechanism failures. 


Appreciation 

This paper would not have been possible without the support of many people. First 
and foremost the designers and builders of all the mechanisms on these satellites. 

The satellites that used them have been very successful and very valuable and the 
mechanisms played a key role in that. Additionally, thanks to Bill Collins, Bill Bennett, 
Bill Bialke, Eric Lindblad, Rob Vosbeek, Mark Meffe, Joe Zuckerbrow, Jim Hammond, 
Glen Roosevelt, Gordon Schulz for their input in preparing this paper 

References 

1 Bialke, Bill. “On Orbit Problems With Scanning Earth Sensor Bearing Lubrication: A 
Testimonial For Realistic Life Testing Of Long Life Spaceflight Mechanisms. 
American Astronautical Society Proceedings, 1994 - ■ 

2. Hammond, Jim. “A Broadbased Actuator Concept for Spaceflight Application.” 17 
Aerospace Mechanisms Symposium Proceedings, 1983 

3. Higgins, Mark; Loewenthal, Stuart; Carnahan, C.C.; Snyder, G.L. “Tape Recorder 

Failure' Investigation.” 30 th Aerospace Mechanisms Symposium Proceedings, 

1996. 


308 


S J3- 7f 

A Length Modulated Cell for Remote Sounding of Greenhouse Gases 

Andrew S. Gibson', John P. Hackett' and George V. Bailak" 

Abstract 

The design and verification of a novel opto-mechanical filter device is described. The 
mechanism is required to provide rotation of precision optical elements at 69-84 rad/s. 
The liquid-lubricated bearing system is designed to meet a challenging lifetime 
requirement, involving continuous operation for over 5-10 9 rotations while maintaining 
optical stability in the infra-red. 3 


Introduction 

The Length Modulated Cell (LMC) is used to detect atmospheric gases using the 
principles of correlation spectroscopy. The unit acts as a filter for incoming infra-red 
radiation by physically modulating the path length of the gas stored in a sealed optical 
cell. By varying the amount of gas in the optical path, the absorption is modulated at 
the spectral lines of the gas. 1 



Figure 1. Length Modulated Cell for MOPITT (90° cut away) 


..COM DEV Space Group Ltd, Cambridge, ON, Canada 
Department of Physics, University of Toronto, ON, Canada 
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The LMC implements this principle by displacing the gas with an optical rotor to vary 
the absorption of the cell. A matched rotor is operated within a second, evacuated cell, 
operating with a 90° phase lag to the first. This rotor compensates for optical effects of 
the modulating rotor while it is not in the optical path. 

As shown in Figure 1 , the LMC for the Measurements of Pollution in the Troposphere 
(MOPITT) instrument involves an optical rotor supported on duplex bearings, 
contained within a transmissive gas cell. A single brushless-DC motor is used in 
conjunction with a magnetic torque coupling to drive the bearing system located inside 
the qas cell Optical stability in the infra-red bands at 2.3 and 4.7 pm over the mission 
lifetime is of primary concern. A relatively new lubricant, Nye 2001 (Pennzane based), 
has been selected to meet challenging lifetime and optical stability requirements of the 

device. 


The pressure of the gas cell is adjusted with the use of a molecular sieve, effectively 
tuning the sensitivity of the filter to the altitude of the source gas. The LMC concept is 
not limited to low pressure operation as is the Pressure Modulated Cell (PMC), which 
has been used primarily for upper atmospheric study. 2 MOPITT makes use of the LMC 
in a complementary manner with PMCs to obtain information about the vertical 
distribution of carbon monoxide in the lower atmosphere. Figure 2 shows the optical 
configuration of LMCs in MOPITT. The four LMCs included are the first space borne 
mechanisms to make use of this particular length modulation technique. 



Figure 2. Double-Pass Optical Configuration of LMC (long path modulation case) 


The MOPITT instrument has been funded by the Canadian Space Agency (CSA). 
Initially conceived by Drummond of the Atmospheric Physics Group at the University of 
Toronto 3 the LMC concept has been incorporated as the key scientific component to 
enable monitoring of the vertical distribution of carbon monoxide and to make column 
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measurements of methane. The instrument is being supplied by the COM DEV Space 
Group to fly on the EOS-AM1 in 1999. Top-level LMC requirements are described in 
Table 1. 


Table 1: Mechanism Requirements 


Parameter 

Requirement 

Optical Rotors 

Crystalline CaF 2 “bow-tie” configuration 
2 rotors (modulating & compensating) separated by 90° 

Gas Modulation 


Pressure: 20 to 80 kPa hermetically sealed (< 2 x 10 10 atm cc/s He), 
pressure controlled using a molecular sieve (< 1 atm) 

Gases: Carbon Monoxide (4.7 pm) or Methane (2.3 pm) 

Length: 8 mm modulation reguirement (gas displacement) 

Optical Compensation 

Equivalent rotor in vacuum cell to achieve “optical balance" with 
modulating rotor. Stability of "optical balance" (defined as a variation 
in optical transmission through one rotation of four CaF 2 sectors) not 
to adversely affect instrument science objectives for resolution: 

• 10% for atmospheric column measurement of methane 

• 1% for carbon monoxide with 4 km vertical resolution 

Rotation Rate 

Operational: 69-84 rad/s (660-800 rpm) 
Launch: 10.5 rad/s (100 rpm) 

Max. Phase Difference 
Between Rotors 

± 2 degrees on nominal phase relation 

Rotor Jitter 

± 3 degrees 

Power Dissipation 

4 Watts max each 

Telemetry Signal 

72 pulses (including 1 unigue pulse per rotation) 

Mass 

< 2.2 kg each 

Volume 

153 x 127 mm length ( 6 x 5 in.) plus optical constraints f 

Temperature 

1 0 to 40 C operating “ 

-25 to 60”C storage 

Vibration 

20-50 Hz +4.6 dB/Octave 

50-800 Hz 0.08 g 2 /Hz Overall 1 0.5 g rms 

800-2000 Hz -4.6 dB/Octave 

Shock 

4.6 g at 100 Hz to 580 q at 2500 Hz 

Life 

5.25 years on-orbit operation 
2 years storage (plus ground testing) 


Primary Design Considerations 

• Mechanism life and seal integrity 

• "Optical Balance" (measure of variation in transmission between CaF 2 rotors) 

• Packaging constraints of optical system and instrument layout 

Design Approach 

• Optical design trade-offs to determine layout, materials and coatings for optical 
symmetry, minimum contamination through modular packaging 
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. Material trade-off for thermal compatibility of housing with bearings and optics, 
development of a process for capillary bonding of optical components 
• Lubricant trade-off and selection of an established screening process with heritage 

Component Design 


Material Selection and Layout . 

Commercially pure titanium was selected because of its intermediate coefficient of 
expansion relative to the optical and bearing materials. This CP-70 grade of titanium 
was selected since yield strength is not a critical factor in the design, while offering 
superior machinability and thermal conductivity compared with alloyed titanium. 



Note from Figure 2 that the device is divided into two distinct chambers by the center 
housing, to form the “modulator” and “compensator” cells. The modulator cell contains 
the gas of interest. The compensator cell houses the complementary rotor, and is 
subjected to space vacuum. This cell is vented through a porous filter in the back 
surface of the motor housing. Gold and indium plated inconel C-seals are used to seal 

the perimeter of both cells. 
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The three mam housings sections, identified in Figure 3, are left as bare titanium with 
the exception of the bearing seats and threads in the housing for clamping of the 
duplex bearings. These surfaces are selectively treated using a thin anodic coatinq 
Windows are manufactured from Germanium and sealed into each of the three main 
housings with a low-viscosity epoxy, using a capillary bonding technique. A flexure 
has been designed into one of the housings to relieve stress imposed on the capillary 
bond by the C-seals. The shafts and rotor sleeves are made from 303 stainless steel 
for thermal compatibility with the optical rotors. A capillary bond is also used to mount 
tne GaF 2 rotors to steel sleeves, as a low stress interfaces. 

Table 2: Thermal expansion of mechanism components 


Component 

Material 

Coefficient 

Thermal 

Expansion 

rppm/°Cl 

Optical Windows 

Germanium, monocrystalline 

6.1 

Main Housings (modulator, 
centre, compensator) 

Titanium, CP-70 grade 

8.8 

Bearings 

440C Stainless Steel, CEVM 
grade 

10.1 

Optical Rotors 

Calcium fluoride, monocrvstalline 

19.1 

Optical Rotor Sleeves and Shafts 

303 Stainless Steel 

19 

Motor Housinq 

Aluminum, 6061 -T6 

22.9 


Bearing System 

440C A «° k t0 x aCk duplex pairs> with 22 2 1 4 4 N ( 5±1 lbf ) Preload, provides the 
required stiffness for support of the cantilevered optical rotors (mass of -120 q each). 

tn ^lo^r : p ° lyim,de Meldin 9000 Stainer is used to provide sufficient lubricant storage 
to meet lifetime requirements. The bearings are manufactured with fall-apart races to 
accommodate screening and re-assembly operations as required. 

^r, 0 S l . Prel0ad was ,.I edu , c ® d fram 4 ° N to 22 N (9 lbf to 5 lbf) on the Engineering 
Model (EM) to maximize life of the flight models and reduce power required 9 

Operational mean Hertzian stresses are calculated to be < 965 MPa. A worst-case 
loading of 82 g was predicted, based on 3a peak acceleration. The associated 
maximum mean Hertzian stresses are predicted to be 1495 MPa, which are well below 
the conservative limit of 2310 MPa (335 ksi) imposed to preclude brinelling As a 
precaution, launch mode was incorporated at 10.5 rad/s (100 rpm) to minimize torque 

noise, which might result from micro-brinelling. que 

Magnetic Coupling 

The coupling is configured as shown in Figure 4, linking the motor drive shaft in the 
compensator cell with that in the modulator cell. The original design using NdFeB35 
magnets ,n 2-pole configuration had previously been uJd in breadboard units under 
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ODen-loop control. This design showed problematic resonances at 3-4 Hz in operation 
under closed loop control during EM testing. Though the resonance was predicted in 
early analysis of the design, the implications on the control system were not fully 
understood until testing of the EM models clearly demonstrated the problem. 

A comparison of designs shown in Figure 5 demonstrates the additional stable 
orientation at 180° associated with the 4-pole design. Analysis showed this second 
orientation to be acceptable, as the latching effect precludes transfer between states 
during worst-case operating conditions. A 3-D analysis was used to more accurately 
estimate stiffness, predicting a value 30% lower compared with Figure 6. 



Vanadium Permandur 
Return Ring 

NdFeB45 Outer Magnets 
(Driven by Motor) 


0.4 mm Thick 
Titanium Wall 


Figure 4: Final 4-Pole Magnetic Coupling Configuration 



Figure 5. 


2-D Analysis ot Magnetic Coupling Stiffness for 2-Pole NdFeB35 and 
4-Pole NdFeB45 Designs 
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To deal with the poor stability of operation involving problems with phase lock, a new 
coupling design was investigated. Analysis suggested that by raising the natural 
frequency of the resonance, the control system would be able to adequately 
compensate the oscillations within the phase lag and jitter budget. The frequency of 
the coupling was raised by improving the restoring torque of the coupling, such that 
the control system bandwidth was sufficient to compensate for the oscillations. In 
addition, further tuning improvements were made to the controller. It is apparent from 
Figure 6 that the low frequency angular resonance has successfully been shifted up by 
approximately a of factor of 2 to 8 Hz. The resulting phase relationship achieved 
between the rotors was verified for all flight model units with the use of a transmissive 
infra-red laser setup to detect the edges of the rotors while in operation. 



Figure 6. Open-Loop Gain Response of VM LMC unit with 4-Pole 

Coupling 

Brushless DC-Motor and Feedback Telfirrmfry 

A standard 6-pole brushless-DC motor design is used with a modified Hall-effect 
assembly packaging, to reduce its length in order to fit meet envelope constraints The 
motor rotors are manufactured using samarium cobalt magnets and a Hiperco 50 
stator core. The motor unit is located inside of the compensator cell. The residues of 
outgassing from the motor or encoder units are less likely to be deposited on the 
optical surfaces with this cell vented. As an additional precaution, the motor was 
vacuum baked prior to assembly with the optical rotors. 

An o ptica| encoder unit has been designed to minimize impact on the length of the 
LMC, contributing only 7.5 mm to the unit length. The position of the motor shaft is 
encoded at 72 pulses per rotation, with one unique, longer pulse per rotation. The 
transmission of the encoder IR is perpendicular to the rotating axis, in the radial 
direction The infra-red diode components are configured using apertures to operate at 

specific levels of saturation to account for typical degradation over life. 
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Lubricant Selection 


Based on results of documented tests surveyed, both solid and perfluoropolyalkyether 
(PFPE) liquid lubricants were ruled out as candidates due to lifetime requirements. 
Despite the remarkable viscosity index and low vapour pressure characteristics of 
PPPE fluids this class of lubricants was considered to be inappropriate for the 
application ’ Testing performed on Fomblin Z25 at the European Space Tribology 
Laboratories demonstrated lubricant degradation within the lifetime requirement for 
the LMC. The degradation phenomenon referred to as “polymerization has been 
observed in many experiments, primarily involving boundary lubrication conditions. 
However evidence of such degradation has been reported for continuous operation at 
speeds higher than those required for the LMC. Even with the use of titanium carbide 
coated balls, the use of a PFPE lubricant was not favorable to achieve >2-10 
rotations. 4 Though it is possible that these experiments were carried out in a starved 
lubrication condition, the risk related to this phenomenon was considered 
unacceptable. 

As a result, the selection was narrowed to multiply-alkylated cyclopentane (MAC) and 
polyalphaolefin (PAO) oils. Grease lubrication was not considered due to associated 
increase in drag torque, phase lag and decrease in torque margin. 


Ontical Considerations . , , ... , 

An outgassing analysis was conducted to evaluate the potential for film deposition in 

the mechanism resulting from the lubricant, using the method of Silvershur. The 
contribution of base oils Nye 2001 A, 176F (PAO) and 1% synthetic tricresyl Phosphate 
(TCP) additive were considered independently for effects on optical balance (defined 
in Table 1). A conservative estimate was made by considering changes in surface 
transmission due to the oil film deposited on the crystal surface over life. A simplified 
case was studied whereby the outgassed lubricant was assumed to be uniformly 
deposited within one of the chambers, causing that rotor to exhibit lower transmission 
at 2.3 urn. Reflection terms were calculated using the indices of refraction: 


n 


'2001 A’ 


D Lilli. I lOli^vuvi « twi.'.w . . , , • . 

=1.468-1.469, n 176F =1 .469, n tcp =1.55-1.56 as obtained from Nye Lubricants. 


Using this method, Nye 2001 A was estimated to contribute an order of magnitude of 
change below the required stability of optical transmission. The PAO option was 
eliminated due to its high vapor pressure, causing large predicted changes in optical 
transmission, representing a significant degradation to optical balance that clearly 
exceeded the specification. The concern for the effect of the PAO was elevated as the 
effect represents a slowly changing optical property over the instrument life. The 
labyrinth gap design was established as part of the study to obtain a reasonable upper 
limit for the contribution of the oil. 


The preferred additive package of the Nye 2001T oil contained the following. 1% 
synthetic TCP and 0.3% phenolic anti-oxidant. The impact of additive outgassing was 
predicted to be intermediate compared with the Nye 2001 A and Nye176F base oils, 
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but likely to stabilize in early test activities. As a precaution, the bearing assemblies 
were vacuum baked following run-in, to remove the bulk of the volatile Lmpo^en ts In 
this manner it was presumed that the additives would be present during the critical ' 
run-m period of the bearings, with only traces left following the bakeout. Optical 

stability under these screening conditions was verified in extended vacuum testinq of 
the Engineering Model LMCs. 19 OT 


Lubricati on Film Regime Comparison 

The following charts show predictions for the relative film thickness achieved for 
operation of an R6 bearing using the method of Hamrock and Dowson. 6 The lambda 
ratio A (central film thickness h c to composite roughness R ) was calculated to 
understand differences in lubrication regimes for operation with the Nye 2001 oil 
compared with a commonly used PFPE lubricant. 



Figure 7. Lambda ratio for Brayco 815Z In an R6 bearing at a) 20”C and b) 60‘C 
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Assuming flooded, isothermal conditions, the bearing operating with Brayco 81 5Z 
lubricant is predicted to experience EHD film conditions (A > 3) above 10.5 rad/s (100 
rpm) given good surface finish of components. 

The 42-mm OD bearing tested by Gill 4 was estimated to exhibit a film thickness h c of 
about 1/3 that predicted for the R6 bearing in Figure 3. Given that the ESTL 
experiment was carried out at 146 rad/s (1400 rpm), this would imply a similar film 
thickness. Therefore, there would be a legitimate concern for polymerization had 
Brayco 81 5Z been selected for use in the LMC application at 69 rad/s (660 rpm). 




Figure 8. Lambda ratio for Nye 2001 A in an R6 bearing at a) 20 C and b) 60°C 
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The film thickness plots demonstrate that variation with preload is minimal. Note 
generally that the Nye 2001 A (without additives) lubricant film at ambient is predicted 
to be reduced in comparison with the Brayco 81 5Z lubricant. This can be attributed 
primarily to the difference in pressure-viscosity coefficients of the lubricants. However 
above 20 rad/s (190 rpm) the conditions of EHD would be expected to prevail with Nye 

^ 01 l O ~ gC ? d bearing Surface finishes ’ leav ' n 9 some margin for temperature effects 
The 60 °C plots are included to demonstrate temperature sensitivity related to the 
viscosity index of Nye 2001 , though this condition exceeds the specified upper 
operating condition for the LMC by 20°C. 


Bearing Screening Tests 

Conclusive life testing of the unit was not feasible due to time constraints. The 
lubrication and bearing configurations were not determined in time to verify a 
substantial portion of the life prior to the flight model build. Accelerated life testing was 
not considered to be a reliable method of qualification for an application where EHD 
film condition might be marginal. Therefore, an approach was adopted to maximize 
heritage by using a screening process that has been proven for PAO applications in 
reaction and momentum wheel assemblies. Note that the PAO class of lubricant 
possesses properties similar to a MAC-based lubricant (Pennzane). 7 

Processin g and Screening of Duplex Rnaringg 

A screening program was developed and performed by the Charles Stark Draper 
Laboratory to ensure maximum lubricant stability in operation. This program was 
based on the Post Run-in Oil Distribution screening process described by Singer. 8 
Bearing components were cleaned using hexane, freon, isopropyl alcohol and a 50/50 
hot dip mixture of methanol and acetone. Following a TCP soak of races and balls an 
inspection was performed for uniformity of wetting using KG-80 mineral oil The 

bearings were then re-cleaned, lubricated with Nye 2001 T, centrifuged to run with little 
excess lubricant and reassembled. 





Figure 9. Screening criteria for 200 hour vacuum run-in a) Ball pockel 
residue b) raceway polymer film c) dewetting & degradation products outside bal 

track 
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Next the bearings were installed in fixtures and run at 73 rad/s (700 rpm) for 9 days 
(basedon past heritage) in a vacuum. Following run-in, bearings were disassembled. 
Balls races and retainers were 100% inspected for wetting of steel surfaces and any 
indication of polymer films. In the event of any evidence of effects described in Figure 
9 components were re-cleaned, fitted with a new retainer, re-lubncated and re-tested 
until screening criteria were met. Images of actual test conditions were not taken as 
they were observed to be indicative of results achieved with standard PAO oils, such 
as Nve 176. Note that the figures included here to demonstrate the standard test 
criteria employed, and are not actual images taken from screening tests with Nye 
2001T. Despite the noted similarities to PAO oils, the lack o such photographed test 
results was unfortunate considering the use of an oil with little heritage. 

The bearings were screened as many as 5 times to reach pristine conditions following 
run-in then were re-cleaned, lubricated, and reassembled for integration into the 
LMCs. An average of 2 run-in cycles were performed to achieve success in screening 
on a sample of 12 pairs. This success rate was considered to be slightly above 
averaae compared to PAO type oils. Polymer films were observed on the raceways of 
?he unifs thatwere ejected and resubmitted for subsequent screening. Ball pockets 
showed no signs of retainer instability. No incidences of dewett.ng were observed 
during the screening activities as has been described by Jones. 

The results of the screening indicated that a consistent 130 ± 5 mg of oil was stored in 
each duplex pair assembly. A torque method was used to venfy preload. Three sets 
of^orque traces were performed on the bearings; individually, as pairs and upon 
installation The combined torque of the single bearings (each measured with nominal 
preload applied) was demonstrated to be within approximately 20 /o of the _ final 
combined P torque as measured for the components of the clamped pair The Low # 
Speed Dynamometer used for the first two measurements is described by Singer. 

Bearings vvere^preloaded onto J shafts and subjected to a 4-hour vacuum bake prior to 
installation in the LMC assemblies, in the absence of labyrinth seals. This process 
was performed to remove the most volatile components from the bearing assemblies 
and reduce optical contamination over the instrument lifetime. The mass of the 
bearing assemblies was measured to verify that no significant amount of lubricant was 
lost in the bake-out. The resolution of the measuring scale limited the ability to 
understand the precise mass of additives removed in the bake-out. A nitrogen purge 
was used on the instrument to address the lack of anti-oxidant additives during 
ambient testing and storage. 

The bearing/shaft assemblies were installed into the titanium housings using stainless 
steel spanner nuts to clamp outer races. Torque traces were performed on the 
SidSarassemblies to confirm quality and cleanliness of bearings. Measurements 
were made with incremental clamping torques to ensure that the duplex pairs were 
completely and uniformly preloaded. There was a noted difficulty to corre a e 
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individual bearing measurements with values of motor current measured at the LMC 
test level. This correlation may have been obscured by variations in lubricant quantity 
motor efficiency among other tolerances. M y ’ 

Table 3: Model Philosophy Summary 



Breadboard 

' 1 ■ mmv/iimvj gnu iciigp 

Concept redefined bearing, motor configuration and layout 
Representative materials, tolerances, no bearing screening 
Verification of sealing processes by helium leak testing 
Verification of control system, magnetic coupling 
Integrated into EQM MOP ITT instrument for optical concept verifica tion 

Verified elprtrnnir rnn+mi ' . 



Verification 

(VM) 


Flight (FM) 


Verified electronic control system, magnetic coupling changes 
Used spare FM components, one lubricant screening cycle only 
Final evaluation of control system, encoder, magnetic couplina 
(windows not installed) 


Multiple lubricant screening cycles performed (1-5) 
Verified rotor phase relationships on individual units 



Figure 10. Flight Model LMC Units on a Bracket Assembly with a Molecular Sieve 
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Flight Model Verification 


The FM LMCs have accumulated approximately 2000 hours of vacuum testing 
between final assembly, calibration and instrument integration at the University 0 
Toronto and the Lockheed Martin facility. It is estimated that the units have completed 
>7-10 7 rotations in vacuum and >2-10 7 rotations at ambient pressure running at 
operational speed. Operation at 10.5 rad/s (100 rpm) in launch mode has been limited 

to <6-10 4 rotations. 

Motor current haTbeen monitored throughout ground testing. Initial values show 
variance which is attributable to several factors including preload variation and 
running speed Test cases with similar thermal conditions (as indicated in the legend) 
are shown in two comparisons within Figure 1 1 . The first demonstrates the stability 
over operation during the first 40 days. The second demonstrates small variations 
over 400 days, with no distinct correlation. Minor data conversion errors are present 
due to the differences in ground system test setups, and may affect data set 
comparison. 
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Figure 11. Motor Current Variation tor 4 LMC Units operating in Vacuum 

The individual LMC units responded differently to changing temperature conditions 
indicating that there was some variance between the units in terms of manufacturing 
tolerances, lubrication levels and particularly bearing fits. Under increasing 
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temperature conditions, two of the LMCs demonstrated highest current draw at colder 
temperatures whereas the other two units demonstrated the opposite response. 

Optical Performance 

Optical performance of the EM and FM models was verified at the University of 
Toronto. The optical balance of the FM units was determined through measurements 
of transmission variation and confirmed to be consistent with requirements for the 
MOPITT instrument. Measurements taken over a period of time on the EM units 
proved the system to demonstrate stable optical performance within the instrument 
guidelines. No adverse affects of lubricant outgassing were observed. 

Conclusions 


Challenging requirements for infra-red optical stability and a mechanism lifetime of 
>5-10 9 rotations have been addressed with the use of Nye 2001 T lubricant. Trade-off 
studies and analyses of bearings and optics have been performed to meet both 
requirements. A screening process for bearings has been developed based on 
heritage and space experience with PAO lubricants. 

Optical testing of the Engineering and Flight Models have verified the infra-red stability 
of the device. Yield results for screening activities, as well as physical observations 
have confirmed similarities between Nye 2001 T and PAO lubricants used previously. 
The LMC units have been integrated and tested in preparation for flight, demonstrating 
reliable performance of optics and mechanisms through more than 500 days of ground 
test operations, including extensive vacuum testing. 

Lessons Learned 


• The problem of control stability related to the low frequency resonance of the 
coupling could have been avoided through early dynamic and control analysis. 

• Film thickness estimates have demonstrated that the reduction of preload 
introduced to maximize life had a minor effect on the lubrication regime, though the 
preload change reduced operating stresses and power required. 

• The benefits of rotating the mechanism at reduced speeds during launch should be 
carefully considered against the accumulation of operating time in an unfavorable 
lubrication regime. It was prudent to minimize such operation in ground testing. 

• Basic calculations performed indicate significant differences between the film 
thickness generated in the bearing assembly for commonly used PFPE and MAC 
lubricants considered, especially in regard to temperature sensitivity. 

• In debugging the device, visibly transmissive windows (which were considered) 
would have helped to observe rotor movement without the need of IR optical 
setups. 

• The LSD trace was the most valuable tool to ensure quality in the bearing system 
following installation. Torque spikes and other anomalies observed must be 
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investigated fully to identify root causes and ensure quality of the bearing 
installation. 

• It is detrimental to constrain the mechanism envelope at the early stages of 
instrument development. Envelope requirements led to several problems, which 
imparted sizing constraints on the motor, encoder, bearings and coupling. 

• Design modularity was effective considering the contamination constraints of the 
project, though not without cost. The additional components significantly increased 
the number of drawings, assembly operations and inspections. 
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Design and Development of the Gravity Probe B Relativity Mission 

Mass Trim Mechanism ^ 

504-37 


Michael Zinn’, Dennis St. Clair’ and Peter Skoda’ 


Abstract 

The design and testing of the Mass Trim Mechanism (MTM), an on-orbit ballast 
adjustment system for the Gravity Probe B Relativity Mission Space Vehicle, is 
described. In particular, design details that make the mechanism virtually immune to 
temperature changes and provide extremely high torque margins while maximizing the 
mass authority of the mechanism are presented. In addition, challenges faced during 
the test program such as the difficulty in measuring the low level disturbance forces 
generated by the MTM are also discussed. 

Introduction 


Overview of GP-B mission 

The Gravity Probe B Relativity Mission (GP-B) program seeks to test a portion of 
Einstein’s theory of General Relativity [1], Specifically, two effects of General Relativity, 
frame dragging and the geodetic effect, will be measured. Measurements of these 
phenomenon may allow for the final confirmation of the theory of General Relativity. 

The geodetic effect refers to the warping of space-time by the presence of massive 
objects. Frame dragging refers to the dragging of space-time by the rotation of massive 
objects. 

Both of these phenomenon will be verified by measuring, very precisely, tiny changes in 
the directions of spin of four gyroscopes contained in a drag-free satellite in a polar 
orbit. The precession of the gyroscopes over a period of a year will be measured by 
comparing the spin axis direction to the boresight of a precision optical telescope that 
continually points at a preselected guide star. The guide star is used as an absolute 
frame reference. 

The gyroscopes and optical telescope are contained in a single assembly, referred to as 
the Science Instrument Assembly (SIA) (Figure 1). The structural components of the 
SIA are made entirely of Quartz crystal to minimize thermal distortion. 

The expected change in science gyroscope spin axis direction is extremely small. Gyro 
precession due to the geodedic effect is approximately 10‘ 9 radians/hour, while the 
change due to frame dragging is expected to be less than 10' 11 radians/hour. Such high 


* Lockheed Martin Missiles and Space, Sunnyvale, CA. 
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precision measurements require that the gyroscopes be nearly perfect. For example, 
the sphericity of the gyroscope rotors is within 40 atomic diameters, making them the 
most perfectly spherical objects every manufactured. The required precision of the 
gyroscopes exceeds the precision of the best current gyroscope by more than a million 
times. 



Drag Free Environment 

The gyroscopes must be contained in a drag free environment, where the effects of on- 
orbit disturbances such as gravity gradients, atmospheric drag, and other micro-gravity 
sources are eliminated. The levels of disturbance to the gyros themselves must be kept 
below 10- 10 G. The micro-gravity environment provided by a conventional satellite is 3 
to 5 orders of magnitude above the required minimum levels. The mission approach to 
achieving a drag-free environment is to fly the satellite about a free-falling proof mass 
(Figure 1) using low-force, linear thrusters. On-orbit mass property adjustment is 
required to avoid saturating the thruster system. 

The low-force linear thrusters utilize the liquid-helium boil-off from the cryogenic dewar 
as a propellant. A flexure-mounted, coil-actuated value is used to meter the helium flow 
through the thrust nozzle. Excess boil-off is vented through opposing thrusters. The 
approximate location and orientation of the helium thrusters is shown in Figure 2. The 
advantage to using the helium thrusters is their linear behavior, which allows for precise 
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satellite pointing control. However, the low thrust levels do not provide sufficient control 
authority to reject significant spacecraft disturbances. In particular, mass imbalance 
forces and torques caused by space vehicle products of inertia and center-of-mass 
offset can not be rejected by the helium thruster pointing control system alone. 


To augment the helium thrusters, periodic on-orbit satellite mass property adjustment is 
required. This mass property adjustment is provided by a set of seven Mass Trim 
Mechanisms (MTM), arranged on the exterior surface of the satellite. Each MTM 
contains a ballast mass that can be actuated back and forth to change the vehicle mass 
properties. The seven MTMs are used to null the satellite on-orbit center of mass 
location as well as products of inertia about the vehicle roll axis. Four MTMs, oriented 
perpendicular to the vehicle roll axis, are used to null the center of mass location while 
three MTMs, oriented parallel to the roll axis, are used to null the products of inertia. 

The approximate location and orientation of the MTMs is shown in Figure 3. 



Figure 2. GP-B Spacecraft 
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Mechanism Requirements 


Mass Trim Requirements 

The objective of the MTMs is to trim the spacecraft center-of-mass and products-of- 
inertia such that ground-to-orbit and quasi-steady-state variations in mass properties 
are nulled on-orbit. The total amount of mass property trim, driven by the vehicle 
alignment budget, determines the vehicle trim requirements. In turn, the vehicle trim 
requirements, in combination with the total vehicle mass, drives the MTM mass trim 
requirement, referred to as mass authority. In addition to the mass authority 
requirement, mission time-line considerations determine the required MTM mass rate 
authority. The vehicle trim and MTM mass authority requirements are shown in Table 1 . 


Table 1 . Mass Trim Requirements 


Description 

Requirement 

Vehicle Trim Requirements 


Vehicle Center-of-Mass 

±2.15 mm 

Vehicle Products-of-lnertia 

±4.61 kg*m 2 

MTM Requirements 


MTM Mass Authority 

±4.00 kg«m 

MTM Mass Rate 

.003 kg«m/s 


Figure 3. MTM Location and Orientation 
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Induced Vibration Requirements 

As mentioned previously, the low thrust levels of the helium thrusters do not provide 
sufficient control authority to reject large spacecraft disturbances. As a result, it is 
important that the operation of the MTMs does not create disturbance levels that would 
cause unacceptable levels of drift in the Science Gyros. Unfortunately, the effect of 
induced vibration on the Science Gyros is difficult to predict, requiring a very detailed 
nonlinear model of gyro drift, and thus does not offer a convenient yardstick by which to 
assess the MTM induced vibration levels. An alternative method is to assess the effect 
that MTM induced vibration has on space vehicle pointing error (both attitude and 
transnational control), which is the prime driver of gyro drift. 


Using the effect on space vehicle pointing as the measure of MTM induced vibration, a 
finite element model of the GP-B deployed space vehicle was used to evaluate the 
effect of MTM disturbance forces, as a function of frequency, on space vehicle pointing 
and science gyro cavity displacement (vibration). The results of this analysis were used 
to construct the Allowable Induced Force Envelope (Figure 4). The Induced Force 
Envelope represents the maximum magnitude of a single frequency disturbance force 
(vs frequency) where the GP-B vehicle pointing error will be equal to or less than the 
pointing error requirement of 10 8 meters (position) and 5*10‘ 9 radians (orientation). The 
Allowable Induced Force Envelope is used to evaluate the vehicle pointing error that 
results from a single frequency MTM disturbance. To evaluate the vehicle pointing error 
that results from multiple disturbances or from a disturbance with multiple frequency 
components, a root sum square of the component induced forces is calculated 
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Torque Margin Requirement 

From the onset, the primary requirement was to design a mechanism that had both high 
reliability and high performance margins. The motivation behind this strategy was to 
allow for reduced post-development testing, thereby saving time and cost. As such, the 
torque margin requirement, defined below, for the MTM was set at 10. This represents 
a five-fold increase above the design torque margin of 2 requirement. 


1 resistive 

The derived torque margin requirement applies to the operation of the MTM under 
worst-case conditions. In addition, to eliminate the need for a launch restraint device, 
the mechanism must be able to prevent mass motion when subjected to launch loads. 


Fnvimnment and Load Requirements 

The MTMs must be able to operate in a vacuum environment within a temperature 
range from -55°C to +40°C. Applying a 20°C degree margin for uncertainty, the 
qualification temperature range is —75° to +60°C. In addition, the MTMs must be able to 
survive a 1 5 G ascent load and must have a minimum frequency (through ascent) of 
35 Hz. On-orbit minimum frequency must be above 20 Hz. 

Mechanism Design Description 

Mechanism Design Overview 

In brief, the Mass Trim Mechanism consists of a 20-kg ballast mass, referred to as the 
moveable mass, guided on a rail-slider bearing assembly. The mass is driven through a 
ball-screw by a stepper motor drive assembly. The ball-screw assembly is supported by 
a pair of duplex and radial ball bearings. A two-piece cover, used for contamination 
control and additional structural stiffness, encloses the entire assembly. A layout of the 
MTM is shown in Figure 5. 

Moveable Mass Assembly Details 

The moveable mass assembly is comprised of a set of ballast plates assembled around 
a slider-rail assembly that provides constraint and support for the mass during ascent 
and on-orbit operation. The ballast plates are manufactured from Tungsten for 
maximum mass at minimum volume. An exploded view of the moveable mass 
assembly is shown in Figure 6. As seen from Figure 6, the moveable mass assembly 
encloses the slider bearing, ball-nut, and torque rods as well as other miscellaneous 
hardware. The compact size and complex geometry of the ballast plates required 
careful design, paying close attention to clearances and assembly sequence. The 
extensive use of solid modeling greatly simplified this process. 

The slider-rail assembly consists of a stainless steel bearing rail, which runs the full 
length of the mechanism, and a slider bearing. The slider bearing contains two tracks of 
recircullating balls that are lubricated with Braycote 601 grease. The slider-rail 
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assembly is commercially procured from IKO Ltd. For weight savings, the lower half of 
the rail was machined away. The rail is mounted directly to the MTM base plate using a 
pair of shear pins and a set of socket head cap screws. The slider-rail assembly is the 
primary load path for loads perpendicular to the line of mass motion. To allow for 
relative thermal expansion between the rail and base plate, the socket head screws are 
backed off 1/4 turn from full torque after installation. 


EDA 


Bellows - 
Flexure 


Duplex Bearing- 
Pair 


Moveable 



Desicant 

Covers 


Assembly 

Figure 5. Mass Trim Mechanism Overview 


Drive Train Assembly Details 

The drive train assembly consists of a ball-screw and nut assembly supported by 
precision ball bearing sets. The ball-screw is driven by a three-phase stepper motor 
through a bellows coupling. The ball nut interfaces with the moveable mass through a 
pair of torque rods. Details of the drive train assembly can be seen in Figures 5 and 6. 

The ball-screw and nut assembly is commercially procured from Beaver Precision 
Products, Inc. For weight savings, the screw was center bored. The motor end of the 
ball-screw is supported by two deep groove angular contact ball bearings. The bearing 
set is duplexed face-to-face to minimize bearing loads due to ball-screw and rail 
misalignment. This bearing set is the primary load path for loads along the axis of the 
ball-screw and, as such, must sustain loads of approximately 7000 N. The bearing set 
is mounted in a robust titanium bracket mounted directly to the MTM base plate. The 
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opposite end of the ball-screw is supported by a single low-load deep groove ball 
bearing. The bearing has a small preload, generated by a wave washer, primarily to 
compensate for relative thermal expansion between the ball-screw and base plate and 
assembly tolerance stack up. The ball-screw and nut as well as the deep groove ball 
bearings are lubricated with Braycote 601 grease. The ball nut is located inside the 
moveable mass, however, the only mechanical connection between the ball nut and 
mass is through two torque rods. The torque rods compensate for relative thermal 
expansion and mechanical tolerance stack up between the ball-screw, moveable mass 
and slider-rail assembly. Finally, mechanical stop brackets are located on opposite " ' 
sides of the moveable mass. The stop brackets are paired with stop bolts, located at 
each end of the ball-screw. 



Figure 6. MTM Moveable Mass Assembly (Exploded View) 


The three-phase stepper motor used to drive the MTM, referred to as the Engagement 
Drive Assembly (EDA), was procured from Moog - Schaeffer Magnetics. The selection 
of a stepper motor drive was driven primarily by cost and performance. The drive 
torque, augmented by a harmonic drive integral to the assembly, was well above the 
minimum required. The compact size of the stepper motor and harmonic drive 
assembly was ideal for the limited MTM envelope. Finally, the open loop operation of 
the stepper motor greatly simplified the drive electronics required. Unfortunately, there 
was one major concern with using the EDAs. Stepper motor drives can be a significant 
source of vibration. Given the MTM’s stringent induced vibration requirement, this 
source of vibration was a major concern. To address this issue, extensive analysis was 
performed early in the design cycle to assess the impact of the EDA’s disturbance on 
the MTM induced vibration. On the basis of favorable analysis results, the EDA was 
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incorporated in the MTM design. As will be discussed later in this paper, verifying the 
actual MTM induced vibration levels proved to be a very challenging task. 

Environmental Cover Assembly Details 

The environmental cover assembly consists of the motor cover assembly and mass 
cover assembly (Figure 5). Both cover assemblies are constructed from an aluminum 
sheet metal frame spanned with thin titanium sheet. Each cover has a 3.5-micron filter 
to allow venting during ascent. Non-flight desiccant holders are installed over the vent 
holes during handling. In addition, a view portal is incorporated into the mass cover to 
allow visual inspection during test and prior to launch. 

Mechanism Test and Verification 

Test / Verification Overview and Methodology 

The MTM has been designed to have high reliability and performance margins to allow 
for reduced post-development testing, thereby saving time and cost. As such, the bulk 
of verification testing is shifted to development testing. Acceptance, and to a lesser 
extent, Protoflight testing, was designed to validate margins established during 
development testing. 

While much of the test program was orthodox in nature, including tests such as ambient 
functional, thermal vacuum and random vibration among others, there are certain 
aspects of the test program that differ from conventional testing. In particular, the 
torque margin verification testing and induced vibration verification testing deserve 
additional discussion. 

Torque Margin Testing 

MTM torque margin verification relied on extensive development unit characterization 
testing in conjunction with less complex protoflight and flight unit component tests. 
Specifically, the resistive torque and drive torque capabilities of the development unit 
were investigated over a range of temperatures that met or exceeded the expected 
environmental extremes. From these results, a complete picture of the MTM’s torque 
margin over temperature was obtained. Torque margin for each of the flight MTMs was 
determined by performing additional stall torque tests for each flight EDA. 

Resistive torque testing was performed in a thermal vacuum chamber. The resistive 
torque was measured using a precision torque cell in-line with the drive train ball-screw. 
The ball-screw was driven by an externally controlled DC motor. The EDA was 
disengaged from the ball-screw during the testing. The DC motor was used to obtain 
smoother ball-screw motion and, thus, improve the resistive torque measurements. The 
testing was automated which allowed from many continuous cycles of mass motion. 
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The results of the resistive torque tests showed that the MTM resistive torque was a 
function of both temperature and moveable mass position along the rail. Figure 7 
shows typical resistive torque data at +20°C and -80°C. As seen in Figure 7, the 
resistive torque varies along the rail. This effect is most likely due to the local distortion 
of the slider rail due to bolt preload. The higher frequency oscillations (=70 
cycles/length) are due to the misbalance of the bolt stops that will not be present on 
orbit. When comparing Figures 7a and 7b, it is clear that the resistive torque is also a 
strong function of temperature. In order to see this more clearly, a summary of resistive 
torque versus temperature has been plotted in Figure 8. Figure 8 shows that the 
resistive torque increases substantially below approximately -40°C. This is most likely 
due to the increase viscosity of the Bray 601 grease. 

Torque Vs MTM Mass Travel: 1 12 Peak-To-Peak: 0. 1 743 N-m (1 .542 In-lbs) 



Figure 7a. MTM Resistive Torque Measurements: +20°C 
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Figure 7b. MTM Resistive Torque Measurements: -80°C 

The stall torque testing was also performed in a thermal vacuum chamber. The stall 
torque was measured using a precision torque cell in-line with the EDA output axis. The 
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EDA torque reacted through a flex coupling. The use of the flex coupling presents the 
EDA output shaft with approximately the same stiffness as when installed in the MTM. 



The results of the stall torque tests showed that the MTM stall torque is a weak function 
of temperature. Figure 9 shows typical stall torque data. In order to see this more 
clearly, a summary of stall torque versus temperature has been plotted in Figure 10. 
Note that the measured EDA drive torque ramps up to a maximum value and then 
oscillates between this maximum and a lower torque value. This phenomenon is a 
characteristic of a stepper motor driven system. When the maximum stall torque is 
reached, causing the motor to stall, the rotor and stator poles loose phase. When the 
rotor and stator are out of phase, the drive capability of the motor is decreased. Thus, it 
rolls back to some lower torque level. At this point, the rotor and stator once again align 
and the motors torque capability is restored. The process repeats itself indefinitely. 

Note that the higher torque levels can only be used because the EDA is coupled to the 
ball-screw through a coupling of similar stiffness. 

The MTM’s torque margin is determined from measured resistive and drive torque data. 
Specifically, the resistive torque results obtained were reduced by enveloping the test 
data to determine maximum values for each test run. The maximum values were 
categorized by temperature and ±3c values were determined. A worst-case ±3<y 
envelope was constructed. Similarly, a worst-case ±3a envelope of drive torque vs 
temperature was also constructed. These ±3a envelopes are shown in Figures 8 and 
10 . 
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Time [Seconds] 

Figure 9. EDA Stall Torque Test Measurement 



Temperature [°C] 

Figure 10. EDA Stall Torque Vs Temperature 


Evaluating MTM torque margin vs temperature is simply a matter of applying the worst- 
case 3o values described above to the torque margin equation 
T 

T 

resistive 

The torque margin results are shown in Figure 1 1 . The worst-case predicted torque 
margin of 17.5 exceeds the torque margin requirement (>10.0) by a factor of almost two 
and exceeds the MMA [2] recommended torque margin by a factor of almost twenty. 
The extremely high torque margins demonstrate the robustness of the current MTM 
mechanism design. In particular, the incorporation of specific features to compensate 
for thermal expansion and assembly tolerance buildup contributed substantially to the 
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robust mechanism performance at cold temperatures. In addition to verifying the 
mechanism’s torque margin requirement, the torque margin results shown in Figure 1 1 
can be used to predict the minimum operating temperature of the MTM. Using the -3a 
torque margin envelope, the MTM’s minimum operating temperature is approximately 
-135°C. This additional information can be used for contingency planning as well as 
providing a thorough understanding of the mechanism’s performance over a much wider 
temperature range. 



Induced Vibration Testing 

As with torque margin, the MTM induced vibration verification relied on extensive 
development unit characterization testing in conjunction with less complex protoflight 
and flight unit component tests. Specifically, the induced vibration of the development 
unit was investigated over a range of temperatures that met or exceeded the expected 
environmental extremes. From these results, a complete picture of the MTM’s induced 
vibration was obtained. However, unlike the torque margin verification, the acquisition 
of reliable data proved to be quite challenging. 

Initial MTM induced vibration testing involved full scale mechanism testing. The MTM 
was mounted to a rigid composite platform and reaction forces (due to the MTM 
disturbance) were measured directly using a set of kinematically mounted triaxial load 
cells (Figure 12). While this approach was simple in concept it was anything but simple 
in practice. In particular, the test set up was complex, making data acquisition and 
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processing difficult. In addition, good low frequency data was difficult to obtain due to 
sensor limitations. This was particularly troublesome given the fact that the induced 
vibration requirements are most stringent in this low frequency range. 



Figure 12. MTM Induced Vibration Test Setup 


In an effort to improve data quality while also simplifying the test process, a new test 
methodology was needed. Examining the current test methodology revealed that the 
primary motivation behind its inception was its conceptual simplicity. Measuring all 
sources and components of disturbance in a single test was very appealing. However, 
on further examination it became clear that not all sources and components of 
disturbance were significant and, thus, could be ignored. Additional tests and analysis 
demonstrated the following facts: 

(1) The Moveable Mass and EDA are the primary sources of disturbance. Additional 
testing eliminated other disturbance sources, such as bearings, as significant 
sources of induced vibration. 

(2) The EDA disturbance is independent of drive impedance. Additional testing showed 
that the induced vibration produced by the EDA is the same regardless of whether 
the EDA is driving a significant torque load, such as driving the moveable mass, or 
operating with no load at all. 

(3) The vehicle pointing is affected primarily by disturbance forces. Disturbance 
torques, as demonstrated by analysis, do not significantly affect the vehicle pointing 

(4) The EDA is the primary source of low frequency induced vibration. Additional testing 
showed that the disturbance forces produced by the moveable mass had no 
appreciable low frequency content. 
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The two most important conclusions drawn from these facts are (1) only the EDA and 
moveable mass disturbance f orces need be measured and (2) the EDA and moveable 
mass disturbance forces can be measured separately . 

From these conclusions, a new simplified testing methodology was developed. The 
MTM induced vibration was measured by two separate tests. The first test involves 
measuring the moveable mass disturbance forces directly from linear acceleration 
measurements. The second test involves measuring the motor disturbance forces on a 
separate test fixture optimized for low frequency measurements. 

The moveable mass induced vibration test setup was straightforward. Accelerometers, 
measuring the three components of force, were rigidly secured to the moveable mass 
during both ambient and cold temperature operation. Similar to the torque margin 
testing, data was obtained while operating the MTM at various locations along the rail. 

A schematic of the test setup is shown in Figure 13. 



Results from the moveable mass induced vibration test showed that the mass 
acceleration was neither a function of temperature or position along the rail. However, 
the mass induced vibration, which is proportional to mass acceleration, was a strong 
function of frequency as seen in Figure 14. Note the strong peak at 300Hz corresponds 
to the motor step rate of 300 steps/second. Sub and super-harmonics, at 100Hz, 
200Hz, and above, are also present. Note that the moveable mass induced vibration 
levels fall within the requirement envelope except at low frequencies. As noted 
previously, this low frequency content is due to the limitations of the accelerometers and 
is not due to significant moveable mass disturbances at low frequency. 

The EDA induced vibration test, while simple in design, has a more complex 
methodology than the moveable mass testing. As such, it requires additional 
discussion. As seen in Figure 15, the test fixture itself is quite simple. Its main 
elements include a mass block, base, and flexible beam. The EDA, which is mounted 
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Figure 14. MTM Moveable Mass Induced Vibration Test Data 
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Figure 1 5. EDA Induced Vibration Test Setup 





to the mass block, is free to vibrate on the fixture. The orientation of the EDA in the 
fixture is such that the disturbance forces of interest, specifically forces perpendicular to 
the drive axis, will directly excite the fixtures dynamic modes. By measuring the 
response of the fixture during EDA operation we can determine the amount of EDA 

induced vibration. This methodology requires characterization of the test fixture prior to 
testing. 


Characterization involves accurate determination of the mass, stiffness, and damping 
coefficients that are used to formulate the fixture’s equations of motion (Figure 16). The 
disturbance forces can be determined by measuring the response of the fixture during 
EDA operation. Simple substitution of measured fixture displacement and rotation time 
histories into the equations of motion yields the desired disturbance forces. In practice, 
fixture measurements are converted to the frequency domain and a generalized 
impedance matrix is used to solve for the EDA disturbance forces. This process is 
summarized in Figure 17. 
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Figure 16 . EDA Induced Vibration Test Equations of Motion 
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In addition to the simplicity of the test setup, the EDA test methodology described above 
offers another important advantage. Namely, by manipulating the test fixture’s natural 
frequency, which is a function of both fixture mass and flexible beam stiffness, and by 
using complementary sensors we can substantially increase the resolution of low 
frequency disturbance measurements. 
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• Test Fixture Equations of Motion 
[M^c +[B]jc +[K 1 & =£ 

Where [M] = mass matrix 

[K] = stiffness matrix 
[B] = damping matrix 

-Steady State Solution 

Let X = £ e J0t and F = fe 1<M 

\-w\M\ + ja{ fi] + = f 

• Disturbance Forces Solution 

[zO’ct»)]i = £ 


Figure 17. EDA Induced Vibration Test Methodology 

This concept is easier to understand if we think of the EDA and its test fixture as a 
simple single degree-of-freedom spring mass system. The response of a simple spring 
mass system to sinusoidal forcing is characterized by the familiar 2" order transfer 
function. Depending on whether acceleration or displacement is measured, the output 
curve can take on two different shapes (Figure 18). As seen from Figure 18, low 
frequency disturbance can be more easily measured from displacement than 
acceleration Likewise, high frequency disturbance can be more easily measured from 
acceleration measurements. In addition, because of limited sensor resolution, the lower 
levels of the response curves can not be accurately measured. This truncation or 
clipping of the data makes low frequency disturbance measurements using 
accelerometer data, as well as high frequency data using displacement measurements, 
difficult to obtain. However, by combining the results of both accelerometer and 
displacement sensor data we can accurately measure the disturbance forces over the 

entire frequency spectrum. 
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Figure 18. EDA Induced Vibration Test: Complementary Sensor Methodology 

This process offers a substantial increase in data resolution, particularly at low 
frequencies, as compared to the full MTM assembly tests described earlier. In the full 
MTM assembly tests, low frequency resolution was limited to approximately 1 milli- 
newton, thus the new methodology offers a lOOx increase in resolution. 


EDA induced vibration test results showed that, similar to the moveable mass, the EDA 
creates significant disturbances at 300Hz as well as at its sub and super-harmonics 
(see Figure 19). In addition, the test results show that there is a significant disturbance 
source at approximately 2 Hz. This disturbance source was not measurable using the 
previous testing methodology. Misbalance of the motor rotor, which rotates at 
approximately 2Hz, is the probable cause. 


The complete MTM induced vibration spectrum was determined by analytically 
combining the moveable mass and EDA test results. The results are combined by root- 
sum-squaring the individual disturbance frequency components. Figure 20 shows a 
typical test run. As seen from Figure 20, the combined MTM induced vibration results 
are within the requirement envelope. However, as mentioned previously, a 2 Hz 
disturbance does exist which violates the requirements. Fortunately, subsequent 
analysis of the space vehicle pointing requirement had shown that this disturbance 
component is acceptable. 
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Figure 19. EDA Induced Vibration Test Results 
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Figure 20. Combined MTM Induced Vibration Test Results 


MTM Design and Verification Status 


Following completion of the mechanism design and development phase, the MTM 
successfully underwent qualification testing. Currently, all seven mechanisms have 
completed their acceptance test sequence and have been installed on the space 
vehicle. 
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Summary and Lessons Learned 


In summary, the design and development of the Gravity Probe B Relativity Mission 
Mass Trim Mechanism has been described. The design incorporated features to 
maximize reliability, specifically when subjected to its environmental temperature 
extremes. The high reliability, in combination with extensive development unit testing, 
allowed for a reduced qualification and acceptance test sequence. 

Lessons Learned 

• By designing in high margins, in particular high torque margin, the mechanism 
reliability was substantially increased. This, in combination with an intensive 
development test program, allowed for a reduced mechanism qualification and 
acceptance test program, saving schedule and cost. 

• The incorporation of specific features to compensate for thermal expansion and 
assembly tolerance buildup increased both the reliability of the mechanism as well 
as the ease of assembly. 

• The utilization of high definition solid modeling through out the design process was 
very beneficial in determining design configurations, clearances, and assembly 
sequences. 

• Extensive torque margin testing over temperature provides a complete picture of the 
mechanism’s performance over temperature. The increased test data fidelity allows 
for improved contingency planning and provides a thorough understanding of the 
mechanism over the complete operational temperature range. 

• Stepper motor driven systems offer unique advantages and disadvantages. In 
particular, the open loop operation of a stepper motor greatly simplifies the drive 
electronics required. However, in applications requiring quite operation, stepper 
motors can be a significant source of disturbance. 
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Abstract 

This paper summarizes and compares the design, development manufacturing and 
tests of the Gravity Recovery and Climate Experiment (GRACE) Center of Mass Trim 
(CMT) Assembly, managed by a joint international U.S. and German team, and the 
European Space Agency's Envisat Multifrequency Imaging and Microwave Radiometer 
(MIMR) balancing mechanisms. 


Each of the two GRACE CMTs comprises both mechanical and electronic subsystems 1 
six Mass Trim Mechanisms (MTM) and one, cold redundant Mass Trim Electronics 
(MTE). Both subsystems will be discussed with respect to their design details and 
constraints and their respective development and qualification tests and results. A 
comparison will be provided between the GRACE and the MIMR mechanisms and the 
lessons learned for each. 


Introduction 

In order to provide a new model, of unprecedented accuracy, of the mean and time 
variable components of the Earth’s gravity field [1], the GRACE satellite complement is 
being prepared for launch in 2001 by a joint team of the NASA and Germany’s DLR. 
The launch will correspond to the period of the next solar maximum and will be 

programmed for decay to reentry near the solar minimum, approximately five years 
later. 



Figure 1: Single GRACE Satellite 

(from Daimler Chrysler CMT Specification, Artist Rendering) 


" ETEL SA, Motiers, Switzerland 
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Historically, the models for the earth's mean gravity field have relied upon the data 
gathered from both ground and space-based sources over the past several decades. 
The accuracy of these gravity field models is limited by the heterogeneity of the data 
quality and their respective origins and the general lack of uniform global coverage. 

Due to its global coverage and high accuracy, a quantum leap in the accuracy of the 
Earth's gravity field models will be available via GRACE [1]. 

The orbit of any satellite in Earth orbit is dependent on the integrated effect of the mass 
distributions and movements in the Earth system. The orbits of the twin GRACE 
satellites, themselves the actual instruments of the mission, will be differentially 
disturbed, since each satellite will separately sense these effects at slightly different 
phases. In other words, the variations of the Earth’s geopotential, or geoid, will cause 
the inter-satellite range to vary. The on-board microwave ranging instrument will 
provide extremely accurate measurements of these range changes. By providing these 
differential measurements, the higher frequency content of the gravitational signals will 
be magnified, enabling significantly improved estimates of the higher resolution features 
of the Earth's gravity field [1], By pursuing near-polar orbits, the GRACE mission 
optimizes both global coverage and data homogeneity over its planned five-year 
mission. 

The measured, differential range variations are corrected for nongravitational effects by 
an electrostatic accelerometer on board each satellite and the satellites' orbits are 
continuously and accurately determined by geodetic quality Global Positioning System 
receiver payloads. This will enable the correct registration in a terrestrial reference 
frame of the gravity field estimates. 

Among the specific earth science disciplines benefitting from this unprecedented 
advance of technological application are oceanography, hydrology, glaciology and the 
solid Earth sciences. Advances within these various disciplines will be enabled by, 
among other topics: knowledge of the Earth's mean geoid; studies of oceanic heat flux; 
long term sea level change; upper oceanic heat content; deep ocean current changes; 
large scale evapo-transpiration and soil moisture changes; polar and Greenland ice 
sheet changes; and post-glacial rebound effects. 

Enabling the accurate and uniform acquisition of data for input to the above-mentioned 
disciplines by providing each of the satellites' center of mass realignments will be a 
complement of paired, compact balancing mechanisms, otherwise known as the 
GRACE Center of Mass Trim Assembly (CMT), presented herein. Each CMT 
comprises a tri-axes, mechanically and electronically redundant, compact balancing 
mechanism. 

The topics of presentation will include the mechanical and electronic design details and 
motor characteristics related to the GRACE CMT requirements; the environmental 
effects to which the CMT qualification model (including its 'delta-verification' tests) was 
subjected and the corresponding results; the specific lessons learned, and the 
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conclusions drawn. Additionally, various design details of the Multifrequency Imaqina 
Microwave Radiometer (MIMR) [2] balancing mechanism are also presented The data 
provided within have not previously been published and address a potentially vast area 
of applicability for all future innovative balancing mechanism needs. 

GRACE CMT Me chanical Design Details 

The GRACE satellite profile is relatively aerodynamic (minimizing non-gravitationallv 
induced forces) and requires high stability and accuracy with respect to its center of 
mass position, while avoiding any moving parts during its operation. In order to ensure 
both the smooth and accurate realignment of both the spacecraft’s and the proof 
accelerometer’s center of masses, the need for a simple, yet highly effective balancinq 
mechanism was required. ETEL recently delivered a high performance, compact 
precise and low electromagnetic disturbance balancing mechanism, responding to the 

program s ch a||enging requirements. The mechanical portion of this mechanism is 
called the Mass Trim Mechanism, or MTM. 

The movement of a balancing mechanism’s mass can be provided by either a direct 
drive linear motion or by a more classical nut / leadscrew system. For GRACE and the 
earlier MIMR program, the latter design was determined more effective due to the 
leadscrew’s irreversibility and the simplicity of the driving electronics. A novel and 
innovative approach was conceived and integrated within this classical application: we 
chose to directly employ the motor as the moving mass, thereby, saving on volume 
mechanical complexity and the overall mass budget while retaininq a larae and 
optimized trim capacity. a 

The GRACE MTM consists of the following prime components: a redundantly-wound 
high-performance, 600-step per revolution stepper motor; a high-precision. Isometric 
thread tom nut and leadscrew mechanical translation system and the correspondina 
spacecraft fixation interface and endstops (Figure 2). 

The unique and innovative design solution incorporates an axially-displaced mobile 

motor mass. Essentially, the axial displacement is effected by the smooth translation of 
the complete motor and moving mass. 

The moving mass is supported by preloaded ball bearings and translates down the 
rigidly fixed leadscrew by arresting the motor stator’s rotation. The arrested rotation 

thereby, generates the axial force while the motor rotor and nut complement threads its 
way down the leadscrew. 
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Figure 2: GRACE CMT Mass Trim Mechanism (1 st QM) Interface Drawing 


Prior to launch, the balancing mechanism is trimmed to a precise location 
(corresponding to the spacecraft's center of mass) as the reference starting point for all 
subsequent trim commands. The leadscrew’s irreversibility, combined with the added 
marain of the stepper motor’s detent torque characteristics, guarantee the motor s 
absolute position once on-orbit and permit the accurate trim commands to be performed 
without requiring a linear encoder and the associated control electronics. 


Each MTM’s overall mass is > 4.8 kg. 

See Figure 2 (for an interface drawing of the GRACE MTM and Figure 8 for a 
photograph of the first qualification model. 


GRACE CMT Electronic D esign Details 

The GRACE Mass Trim Electronics consists of a cold redundant drive and control 
electronics and the MTM’s flying harness. Included within this package is a switchbox, 
selectively controlling one of the six, either main or redundant, desired MTMs. 

The GRACE bus supplies unregulated 28VDC, in the range of between 20VDC and 
35VDC. 
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The MTMs are driven at two currrent levels: 250 mA (nominal) and 500 mA (maximum). 
At the lower level of 250 mA, the MTM can easily overcome all associated friction 
contributions and fulfill the complete functional and performance requirements without 
exception. Under off-nominal conditions (unforeseen blockage; driven against the 
endwall), the higher drive current of 500 mA will be used for higher torque generation 
and eventual recovery. 

The MTE communicates with the Onboard Data Handling via an RS-422 interface, both 
receiving and sending housekeeping and control data packets. 

The drive and control parameters will be stored within a Field Programmable Gate Array 
on the control board in order to streamline the overall functions and avoid from 
implementing any active control software. 

See Figure 3 for the selectable MTM / MTE architecture. 



Figure 3: GRACE CMT Redundancy Architecture 

(from Daimler Chrysler CMT Specification) 


Each GRACE CMT MTE pilots one of the six MTMs through the switchbox architecture 
implemented, determining the choice of MTM activation. 


In order to minimize oscillations and acceleration loads (both axial and radial), the 
control electronics drives the MTMs in current mode with a resolution of 16 usteps/step 
with the maximum current of 0.50 A at a speed of 200 steps/sec. This, essentially 
translates to a motor rotational speed of 3200 psteps/sec. 

The control instructions are provided via a serial, asynchronous RS-422 interface and 
include the number of steps and the desired motion direction. The control electronics 
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provide via telemetry, its internal incremental state (the management of the step 
number’ effected), the desired motion direction and several houseteepmg data_ Figure 
4 highlights the simplified functional block diagram implemented for the GRACE C 

MTE. 





Figure 4: GRACE CMT MTE Simplified Functional Block Diagram 


CMT Design. 

The very challenging trim capacity, trim accuracy, irreversibility, magnetic cleanliness, 
poLr consumption mechanism-induced accelerations and launch 
drove this design. As a result, and with minimal exceptions, the complete range 
program’s requirements were met or surpassed during the qualification test campaigns. 

The following key design components had to be addressed: the overall stroke and 
notion accuracv the leadscrew’s irreversibility; the stepper motor s torque 
chSeriSos (constant; detent; back emf waveform); the MTM's overall dimensions; 
magnetic cleanliness and, finally, the drive and control electronics. 
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Addressing the GRACE key design aspects singularly: 

Stroke and Accuracy 

These design drivers were limited by the satellite’s integration volume and overall trim 
capacity requirement of ±1 .0 mm for a satellite mass of 480 kg. This required a moving 
mass of 4.8 kg, relocatable to within ±0.1 mm, across a stroke of ±100 mm. 

The positioning accuracy of the mechanism, without encoder, required that the 
commanded relative position be accurate to within ±0.1 mm relative to any reference 
starting point. The present mechanism designed either meets or exceeds this 
requirement within the operational thermal regime (0°C <T < +40°C and 
-30°C <T nop < + 50°C). 

The step accuracy over a complete revolution of 600 steps, performed for either a single 
revolution or multiple revolutions, is equivalent to better than 9.0E-4 radians or 5.0E-2 
degrees. 

Table 1 provides the applicable GRACE CMT MTM trim characteristics which will, 
thereafter, be used to demonstrate the assembly's theoretically attainable trim mass 
accuracy. 


Table 1 : GRACE CMT MTM Trim Characteristics 


thread pitch 

I"™ 2.5 mm 1 

motor steps; step equivalent 


self-imposed step accuracy 

requirement 

0.3 degree step accuracy, internally imposed by ETEL, 
across single or multiple 360 degrees revolutions (half 
the specified requirement) 

attained step accuracy 

0.05 degree 

trim mass accuracy requirement 

±0.1 mm (14.4 degrees) 


Calculating the (theoretically) attainable axial trim mass accuracy, assuming no axial 
play, we find that the high-performance stepper motor axial trim mass accuracy 
approaches: 


2.5 mm/360 degrees = 

ETEL's rotational accuracy = 
(0.00694)x(0.05) 

0.1 mm = 

0.1 mm/0.000347 mm = 


0.00694 mm linear displacement per degree of 
revolution; 

0.05 degree 

0.000347 mm axial displacement accuracy 
required linear displacement trim mass accuracy 
288 times better! 


Since the qualification model was integrated without an 'active' thread tolerance 
compensation element, the play inherent at the various temperatures would not 
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guarantee this exceptional performance, yet easily performed within specification. 

There will be an active thread tolerance compensation system for the flight models. 

Axial and Radial Thread Pla y 

The qualification model GRACE MTM nut / leadscrew axial thread tolerance was 
adjusted to provide, at ambient temperature, a 14.0 pm tolerance. This tolerance 
increased to approximately 20 pm at the cold operating temperature limit of -30°C and 
was calculated to be at nearly 0 pm at the hot operating temperature limit of +50°C 
(actually a worst-case of +60°C, since we considered an additional +10°C contributed by 
the motor windings beyond the upper operational limit). 


The flight model nut/leadscrew axial thread tolerance will be continuously compensated 
by a thread tolerance compensation system comprised of a dual-threaded nut and 
wavespring complement. This will provide a slightly greater friction coefficient, i.e., 
torque, to be addressed by the high performance motor. Considering the motor's 
excellent performance, the margins available will adequately suffice to manage this 
slight torque increase. 

Both qualification and flight model radial tolerances are in the vicinity of 10 pm. 


The allowable movement of the mass following launch loads was limited to a relative 
displacement of ±1 .0 mm. The design of the leadscrew is such that there is absolutely 
zero displacement of the moving mass following the launch loads. The decision to 
implement an Isometric thread form with a 2.5-mm pitch, rather than an Acme, was 
driven by the lack of an Acme thread of suitable dimensions and corresponding pitch 
capable of both resisting the relatively high launch loads with minimum deflection and 
providing for the mechanism's irreversibility. All the analyses considered the applicable 
load safety factors (1 .4) and friction coefficient margins (3) relative to the nut/leadscrew 

interface. 


The motor torque requirement was derived from a detailed analysis of the frictional 
forces to be overcome, including a safety factor of 3 applied to these forces (nut / 
leadscrew interface friction; bearing friction; detent torque; anti-rotation guide; cabling) 
and subsequently applying the space motorization margin of 2 in order to arrive at the, 
minimum torque to be overcome by the motor. Given these force multiples, the motor s 
pull-out torque is >1 .3 N*m at (0.45 A) 7 W power consumption, while the pull-in current 
(minimum current required to overcome all friction forces) is very low at (0.150 A) 2.5 W 
power consumption. Given that these tests were all performed in a classical terrestrial 
configuration (no mass compensation system was implemented to simulate the on-orbit 
configuration), these values can be considered as worst-case conditions. 
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Dimensions 

The overall accommodation envelope of each GRACE MTM is (300 x 120 x 120) mm. 
The MTMs will be integrated in parallel, paired configurations per satellite axis, for a 
total of six per satellite (Figure 5). The trim capacity of a single MTM has been 
confirmed sufficient for the expected satellite root-mean-square, or rms, center of mass 



Figure 5: GRACE CMT Accommodation Overview 

(from Daimler Chrysler CMT Specification) 

Leadscrew Details 

The X46Cr1 3 (AISI 420 family) stainless steel leadscrew, with an outer diameter of 
25 mm and a 2. 50-mm thread pitch, is sized to afford minimum bending and maximum 
ngidity, being annealed and tempered to a Rockwell hardness of 53 HRC. 

Providing a friction coefficient of 0.1 between both the threaded nut and the leadscrew 
|s a chemically deposited, 10 pm thick, Ni-PTFE coating (Nickel - Poly Tetra Fluoro 
ylene). The properties of the coating enable it to adequately adhere to both surfaces 
while supporting the environmental loads and subsequently provide for a lonq-life 
contmuousfy smooth running system. Its closely controlled deposition thickness (to 
wrthin 2 0 pm of the desired thickness) allows for accurate mechanical tolerancinq Its 
Rockwell hardness between 22 HRC and 40 HRC (dependant upon its finishing thermal 
treatment) adequately provides for its intended use. 9 

The N i -PTFE coa t ,n composed of a dispersion of microscopic beads of PTFE within 
the Nickel (25 /. PTFE / 75% Nickel per volume) essentially 'escapes' from itself rather 
than slides and enables an effect of 'relubrication' across the lifetime of the hardware 
under test [3], This coating is particularly well adapted for use in areas of high stress 

*“™' ar , t0 L tf c ; oncen,rations P^ent on the thread ramps under launch loads, ’ 
since it exhibits very low wear and high corrosion resistance. This particular coating 
has previously been used in space applications. ® 
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For the MTM qualification model, an industrial controller was used to drive the 
mechanism. This controller, based on a commercial stepper motor driver, has only the 
functionally representative of the flight model electronics. 

The two flight model electronics per satellite will be cold redundant systems, supplied by 
the primary unregulated 28 VDC (20-35 VDC) power distribution unit, driving either the 
primary or redundant motor windings of each of the six balancing mechanisms, one at a 
time Associated switchboxes will be implemented to selectively energize the 
mechanism windings. The communication link is provided by an RS-422 asynchronous 

serial interface. 

In-rush current limiting, tight electromagnetic interference (both radiated and conducted) 
and arc discharge susceptibility requirements, radiation tolerance and the associated 
electronic parts derating requirements are several of the many electronic design 
constraints respected and successfully integrated into the design. 

The^litrol of the qualification model MTE allowed motion selection from fullstep control 
to pstep controllability up to 128 psteps/step. A selectable current level ' 
implemented (in case of increased torque requirements) as well as the total number of 
full steps to be performed relative to the particular trim requirement (based on the 
absolute number of steps to be performed from a calibrated zer °-P° s ' t ' 0 ^ Both 
acceleration and velocity parameters were considered fixed, simplifying the control 
electronics. Since the overall relative positioning of the mechanism was well within the 
±0.1 mm requirement across the leadscrew, no additional control instrumentation was 
necessary (i.e., linear potentiometer, position switch or optical encoder). 

For the fliqht model MTE, the MTM control will be streamlined by implementing a Field 
Programmable Gate Array (FPGA) in the following manner: only the particular motor 
selected, the moving mass' direction and the relative number of steps to be effected in 
the particular direction will be the configurable parameters. The remaining key 
oarameters are burned into the FPGA chip ('antifuse' technology). Since the 
qualification tests demonstrated: a) that 1 6 gsteps/step provided for the smooth motion 
of the moving mass; b) that 200 steps/second was an adequate speed parameter, and 
c) that an acceleration of 80,000 steps/second 2 (or less, in case of excessive induced 
accelerations) more than provided for precise motion control, we saw no further need to 
customize the control electronics at the expense of cost, additional functions, complexity 
and reduced reliability. Depending upon another particular user’s requirements, 
however, ETEL could fully tailor the control and drive electronics per specific need. 

The high SnsSvHyof the electrostatic accelerometer integrated on GRACE specified a 
magnetic (dipolar) moment of <0.20 Ann 2 at rest and <1.0 Ann 2 under power (measured 
from a standard distance of 1 .00 m). The actual mechanism s magnetic cleanliness 
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was better than 0.065 A«m 2 at rest and less than 0.090 A*m 2 under power without 
particular additional electromagnetic screens or barriers. 
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GRACE CMT Environmental Tests / Post-Test Results 

Qualification Model Environmental Test Campaign 

The vibration test levels for the GRACE qualification model MTMs (excluding the MTE 
since it was an industrial stepper motor driver) are shown in Tables 2 and 3 The 
overal! G ms corresponding to this random vibration spectrum is approximately 14.95G. 


Table 2: Sine Vibration (2 octaves/minute) per axis 


5Hz - 20Hz 

20Hz- 100Hz 

pci Cl AIO 

100Hz -120Hz 

9.3 mm 

ISfl 

down to 1 g 


able 3: Random Vibration (2 minute s/axis) 

-t i 4 aai i I . . 1 i* 


lOHz-IOOHz 

r 1 00Hz-400Hz 

iiimuivO/QAK 

400Hz-1000Hz 

U 

1000Hz-2000Hz 

0.05g 2 /Hz - 0.2g 2 /Hz 

0.2 g 2 /Hz 

0.2g 2 /Hz -0.1 q 2 /Hz 

0.1g 2 /Hz - 0.05a 2 /Hz 


Following each test run per axis, an abbreviated functional test was performed verifying 
the unit s integrity (performance and structural). Without exception, all of the functional 
and performance test results following each vibration test run demonstrated the MTM’s 
unwavenng precision and high performance motor characteristics. The mechanical 
precision of the nut / leadscrew interface, likewise, was maintained. 


With one exception, the structural integrity of the MTM was fully maintained: the riqid 
Vespel SP22 low-friction coefficient guide rail was damaged due to the hiqh loads 
transmitted from the MTM’s housing (whose center of mass was not coincident with the 
eadscrew s circular center) to the anti-rotation pin, resident within the guide rail. Due to 
the moment generated from the loads being transmitted transversally to the spindle and 
translating down to the anti-rotation guide via the MTM housing, the Vespel quide 
suffered discrete structural damage at the pin’s static 'launch' location This discrete 
damage did not, in any way, compromise the MTM’s functional and performance 
characteristics and a design modification (consisting of a non-rigid guide rail) has been 
implemented and will be tested for the subsequent flight models. 


Flight Model 'D elta'-Qualification Environmental Test Campaign 

The vibration levels foreseen for the GRACE flight model CMTs are shown in 

and 5. The overall G ms corresponding to this slightly higher random vibration 
is approximately 19.9G. 


Tables 4 
spectrum 
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Table 4: Sine Vibration (2 octaves/minute) per axis 


laoic 4. on 

5Hz - 20Hz 

|C V IWIU^IVM - 

20Hz - 75Hz 1 

75Hz- 100Hz 

9.3 mm 

15g 

§g 


Table 5: Random Vibration (1 minute/axis) 


I duiu j 

" 20Hz-100Hz 

imiiuvni . ■ \ 

1 00Hz-400Hz 

H 400Hz-2000Hz 

+3 dB/octave 

r 0.4 g 2 /Hz 

-3 dB/octave 


No shock tests will be performed at the CMT unit level, however, the spacecraft 
expected shock spectrum (tested at system level) will be no greater than shown in 
Table 6. These levels are not expected to, in any way, damage the CMT hardware 
(considering the design modifications implemented between the qualification and flight 

models). 


Table 6: GRACE S ystem-Level Shock Spectrum 

* 1 ~ m _ _ 1 M.Z _ 


1 dUIC vniinvi- wjww.. 

Frequency (Hz) 

Acceleration (G) 

10 

15 

100 

15 1 

1500 

2500 

5000 

2500 | 

10000 

1000 1 


The thermal cycle tests, to be performed under ambient pressure, on the GRACE flight 
model CMTs will test the mechanisms to the temperatures shown in Table 7 
Functional and performance tests will be conducted before, during and after the therma 
tests to verify the hardware's integrity. 


Table 7: CMT The rmal Regime 


1 ciMiw r . wm i * 

MTM 

MTE i 

Ooeratine Temperature Limits 

-20°C<T„„<+30°C 

-20°C<T„ ri <+50°C 

Switch-On Limits 

-20°C<T^<+30°C 

-30°C<T„ n <+50°C 

Non-Operatinq/Storaae Temperature Limits 

-40°C<T [W ,<+50 Q C 1 

-50 o C<T nnn <+70 o C 
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MIMR Balancing Mechanism 


The MIMR balancing mechanism, designed in 1993, is a 200-step per revolution 
stepper motor with similar “accessories”: innovative, translating motor / mass design 
concept; irreversible thread pitch; Ni-PTFE coating; electrically redundant windings; and 
low magnetic (dipolar) moment (Figure 6). 


BRONZE NUT 


STATOR-ftOTOR 
AXIAL MOUVEWENT 


MOTOR ROTATING PART 
LEAD SCREW 


FLYING HARNESS 



POSITION 
MEASUREMENT DEVICE 


MOTOR STATOR 


STATOR MECHANICAL 
GUIDANCE 


Figure 6: MIMR Balancing Mechanism Sketch 

The MIMR balancing mechanism is one-fifth the mass of the GRACE CMT MTM, 
weighing in at 0.980 kg. 

Addressing the MIMR key design aspects singularly: 

Stroke and Accuracy 

The overall stroke of the MIMR balancing mechanism moving mass of 0.980 kg is 
±55 mm. 

Axial and Radial Thread Play 

The specified values for the backlash were: 0.023 mm for the axial play and 0.035 mm 
for the radial play. 

The manufactured nut/leadscrew play tolerances for both the axial and radial directions 
were slightly out of specification (when including the specified applied thickness of 
0.010 mm of NiPTFE coating) and were, therefore, recovered by applying different 
coating thicknesses to the nut and leadscrew, respectively. The eventual axial play was 
0.006 mm and between 0.022 mm and 0.034 mm for the radial play on both breadboard 
models manufactured. 
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Irreversibility 

The leadscrew is irreversible when considering the friction coefficient of p=0.1 for the 
NiPTFE coating under nominal conditions (without the safety factor of 3 applied to the 
friction). If, however, we were to consider the safety factor of 3 applied to the friction 
coefficient (reducing its effective value to; 0.1 divided by 3 = 0.033333), the condition of 
irreversibility is no longer satisfied. 

For any potential future space application, this condition must be reviewed accordingly, 
yet would not pose any undue difficulties to realize. 

Torque 

The available measured torque at the maximum rated current of 0.750 A is 0.528 N«m. 
This available torque can actually be increased by implementing a 'hybrid' approach to 
the stepper design. 

Dimensions 

The dimensions of the MIMR balancing mechanism are (52.0x65.0x60.0) mm, with an 
overall envelope of (190.0x78.0x85.0) mm. 

Leadscrew Details 

The leadscrew selected was an Acme thread, 5/16 inch in diameter with 14 threads per 
inch. 

Control 

The control electronics was based on a 12 VDC input, 2-phase, standard stepper motor 
driver. ETEL was not contracted for any aspect of the control driver, yet the motor could 
have been commanded in full or gstep mode and at different speeds and accelerations, 
if necessary. 

Magnetic Cleanliness 

The measured dipolar moment of the MIMR balancing mechanism was 0.150 mA*m 2 
(measured at rest). No measurements were performed during operation. 

GRACE CMT and MIMR Balancing Mechanism Lessons Learned 

1 . Contact surfaces at the endwalls were implemented using a Delrin™-type material 
with excellent results, thereby eliminating the need for endswitches and their 
associated electronics. The MTM is able to reverse directions at lower current 
levels, i.e., forces, than were used to drive the mechanism against the walls during 
'accidental' reset positioning. Contact of a rotating surface with the Delrin™-type 
material should be avoided (due to wear and tribological pollution). 
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2. The thread pitch for the GRACE MTM could have been increased (yet maintaining a 
safe margin) while still maintaining the irreversibility requirement by considering the 
motor’s inherent detent torque characteristics. This was not performed in order to 
maintain the maximum space motorization margins for the MTM. This design detail 
was considered for the delta-qualification campaign of the MTM. 

3. The importance of calculating the mobile mass’ center of mass and collocating it with 
the ieadscrew's circular center (reducing the moment and the effect thereof of the 
anti-rotation pin’s high contact force with the anti-rotation guide and other eccentric 
inertial force instabilities) cannot be overstated. 

4. The lamination stack material for the MIMR balancing mechanism was modified from 
FeSi to FeCo for two main reasons: its increased resistance to corrosion and a 10% 
performance increase coupled with stronger magnets. 

5. Complementary materials are essential for equivalent thermal expansion coefficients 
(i.e., bronze nut with a stainless steel spindle is a bit problematic with respect to a 
90°C thermal range!). Bronze threaded rings, fretted within the stainless steel rotor 
nut, were considered for the subsequent delta-qualification test campaign and 
subsequent flight models. 

6. For non-structural parts serving as guiding or anti-rotational elements, a semi-rigid 
design remains essential. This will satisfactorily arrest rotation while in no way 
hindering either the forward or reverse translation of the mobile motor mass. 

7. A single-threaded nut is insufficient: dual, opposing threads with an adjustable 
central ring and thread play compensation system, i.e., wave spring, seems ideally 
suited for this particular type of mechanism. 

8. Selecting a 600 step/revolution stepper motor provides an extremely sensitive and 
exceptionally accurate trim capacity, far surpassing the applicable requirements. 

9. A low friction coefficient dry lubricant, with high mechanical resistance, is an 
essential component of an optimized balancing mechanism design. Nickel-PTFE 
was used for this application and is foreseeable for subsequent programs. Other dry 
lubricants may, likewise, be used with similar performance characteristics. 

10. Reducing the selectable parameters to a minimum is critical for flight model 
development complexity and cost reductions, improved reliability and functional 
efficiency and simplicity. 
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Conclusions 


With minimum design upgrades, the balancing mechanisms are suitable for multiple 
space applications wherever high performance, compact, precise trimming operations 
are required. 

The designs presented have demonstrated compliance with the applicable program’s 
requirements and yet offer the advantage of providing for flexibility with respect to future 
needs. 

Depending upon the specific satellite's trim capacity, overall axial precision and control 
requirements, any number of hybrid stepper motors available at ETEL can be tailored to 
explicitly address the potential balancing mechanism’s needs with utmost precision and 
superior performance. 




Figure 7: MIMR Balancing Mechanism 
Breadboard Model 


Figure 8: GRACE MTM Qualification 
Model 
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Abstract 

The Tool Manipulator system is a redundantly (electro-mechanically & electrically) 
constructed, 3-axis positioning system. The system is comprised of 2 main 
components, the Three-Axis Positioner (3AP) and the Electronic Control Unit (ECU). 
The system is designed to operate in a space environment. Onboard software and 
Digital Signal Processing -based firmware allow the mechanism to perform a variety of 
positioning and motion tasks through the use of pre-programmed motion routines or 
under direct software command through a Host Computer interface. Redundant 
telemetry is provided to the Host Computer for verification of desired motion profile. 

The requirements of the system were to be able to smoothly move, accurately position 
and support a 20-kg payload through a travel range of approximately 1200 mm (X) x 
250 mm (Y) x 150 mm (Z), while maintaining a dynamic accuracy of 10 microns under a 
dynamic load of 90 kg, which may be oriented in any direction. The end point(s) was 
specified to have a load deflection of less than 25 microns during operation. The 
dynamic load generated a random frequency spectra between 100 to 200 Hz. The 
system was specified to maintain accuracy requirements in the presence of this 
disturbance while in operation. Additionally, as a result of cabling to the payload, an 
additional load of 16 kg was expected to be induced during operation. 

Due to the redundancy requirements, two end points, parallel to one another at a 
distance of 250 mm in the X axis were specified, the system was to meet all 
requirements without any knowledge as to which end point was being employed As a 
further challenge, the system was specified to be no bigger than the sum of the 
specified structural size and the specified travel in each axis. In other words, the 
envelope dimensions were the same as specified travel ranges in each direction 
Finally, the required maximum mass of the system was specified at 76 kg, however, the 
specifications required that the mechanism was to also support an external load of 
680 kg attached to each end of the base. Figure 1 is an overall representation of the 
3AP mechanism shown with a simulated 20-kg payload attached to one end point. 

The challenge was to build the lightest, stiffest and most accurate mechanism feasible 
within the constraints of the specifications. This paper discusses the strategies used, 
the pitfalls found and the solutions employed to meet these challenges. 


Aeroflex Laboratories, Inc., Farmingdale, NY 
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Figure 1 . Overall view of 3AP Mechansim 


Introduction 

Although the difficulties of successfully designing, building and qualifying the Electronic 
Control Unit were as numerous as the positioning mechanism, the scope of this 
presentation is limited to the mechanical portion of the system. 


The 3AP is a positioning mechanism with 3 orthogonal axes with travel ranges as 
previously described. Each axis, orthogonally constructed to the other 2 axes to within 
200 microrad, is comprised of a linear bearing-supported stage, which is driven by a 
precision ground, high-performance ball screw. The ball screw is connected via 
redundant cogged belts to a high-performance, redundant Brushless DC motor (BLDG). 
The redundant Brushless DC motors are housed within a single structure to conserve 
mass and space. The motors are equipped with redundant, integral brushless 
tachometers for velocity feedback and are commutated using precision Hall Effect 
Sensor assemblies. The linear bearings are preloaded against their races to eliminate 
free play at any operating temperature. Similarly, the ball screws are equipped with 
dual preloaded ball nuts and are mounted with a duplex bearing pair at one end and a 
support bearing at the opposite end to eliminate free play and axial motion while 
allowing for thermal excursions. 

Thus constructed, any rotation of the motor shaft is translated into linear motion of the 
stage free of lost motion. Additionally, each axis is equipped with a redundantly wound 
electric brake capable of maintaining the full rated load with power removed. Position 
feedback of each stage is achieved by use. of redundant optical linear encoders with a 
resolution of 0.25 micron. Finally, each axis is equipped with redundant, adjustable 
mechanical and electrical travel limits as well as redundant “home” position markers to 


aid in final calibration and routine operation of the mechanism. The following is a brief 
description of the positioning mechanism and its major components. 

Base 

The base, weighing approximately 45 kg, is constructed of wrought aluminum alloy; the 
shape is optimized as a hollow, polygonal beam to maximize stiffness and minimize 
weight and load deflections while maintaining predictable thermal expansion linearity 
The base is utilized to install the entire system into the craft as well as support the 
external 680-kg loads. It also incorporates the mountings for the X-axis drive 
components and integrally machined beams for mounting of linear bearing races. The 
ase as the largest single structure in the mechanism, presented the biggest challenge 
in material and shape selection. Before the ultimate selection of aluminum as the base 
material many alternate material solutions were considered and investigated. The qoal 
was to obtain a design solution with workable thermal expansion, strength and mass 
characteristics. Carbon composite construction was an early candidate as it 

TJ eX u e " ent th6rmal expansion characteristics as well as exceptional strength- 
to-mass ratio. However, since the mechanism is a three-axis device, the need for 
uniform thermal expansion behavior was considered paramount. The carbon 
composite, as a result of the method of construction as well as the complex shape of 

AHwv rUCt M re ’A < ?u U d n0t bG expected t0 be have uniformly in all three axes of interest 
Additionally, Albumet, titanium and pure beryllium were considered. 

Ultimateiy a^minum (6061 alloy, T6 heat treat) was selected as the most cost-effective 
solu ,on within the constraints. The base is constructed of two precision machined parts 
to a'iow internal machining to remove excess mass. The two halves are then Electron 
Beam welded together as a “rough” machined component. The part is then stress 
relieved and machined to its final shape. Several finite element models of the base 
were developed and extensive computer analysis and optimization was performed to 
obtain the ideal shape/weight/stiffness/material combination. Figure 2 is the output of 

one of the models with the two 680-kg external loads and the 90 kg process load 
applied. 

Ball Screw Drives 

f*? a K.' S ' S -r^ riVer l by 3 precision 9 round > high performance Ball Screw linear motion 
ssembly. The selection of the ball screw as the drive component necessitated the use 
of a separate (redundant) electric brake to hold the position of the mechanism when 
power removed^ This is due to the efficiency by which ball screws can be back- 
driven by *he load. However, this seeming inadequacy for this application is more than 
compensated for by the many advantages gained by their performance. 

1 . The ball screw is approximately 30% more efficient than a comparably sized lead- 
screw, thus allowing for a smaller and lighter drive motor and drive electronics. 
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2 . 

3. 


The ball screw maintains efficiency over a longer operational period without re 


lubrication or maintenance. 

The ball screw will maintain the zero backlash initial condition over the length of t 
mission, lead screws would be subject to increased backlash due to inherent wear. 
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Figure 2. Finite element analysis results 

The ball screws specified for the application were constructed from 440C Stainless 
Steel and case hardened to a R c 58 minimum value. The screw is equipped with two 
case-hardened (R c 58 minimum), recirculating ball nuts also constructed from 440C 
Stainless Steel. Each nut is ground in length to a specific length such that when the two 
nuts are tightened against one another over the screw, the rolling elements in each nut 
are preloaded against the helix groove of the screw in opposite directions. At this point, 
all backlash in the assembly is removed. 

Each ball screw assembly is fixed to its support structure by use of a duplex, preloaded 
bearing pair at one (fixed) end and an axially unrestrained radial, deep groove bearing 
at the opposite (free) end. The ball screws were lubricated for mission duration with an 

appropriate Bray grease. 

^"ehneaSngs presented one of the earlier challenges for the development of this 
mechanism. The bearings, when sized for the required loads and stiffness, were too 
massive. Several design concepts were developed, prototyped and tested. 
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The most novel concept with the promise of low mass, good longevity and high stiffness 
was to develop the hardened linear bearing races for the each axis directly on the 
aluminum base by plasma spraying composite layers of Stainless Steel and Cobalt. 
Each layer was ground smooth prior to a subsequent plasma application. The 
developed thickness of the race was approximately 1 .5 mm after final grinding The 
linear bearings selected were equipped with cylindrical rolling elements, the additional 
stiffness of a cylindrical rolling interface as opposed to the spherical contact patch of a 
more conventional linear bearing would allow a very compact design. This concept is 
depicted in Figure 3. A 600-mm long prototype of this concept was fabricated and 
tested. Testing with a constant applied load in a reciprocating pattern proved that the 
integral raceway concept would perform as intended. However, as determined in post- 
failure analysis, the minute misalignments between the rolling axes of the bearing 
elements and the direction of the travel would generate sufficient thrust load in the 
retainers (end plates) of the rolling elements to cause their premature failure. Failure 
was in a classical column buckling fracture of the rolling elements. 


PLASMA DEPOSITED HARD RACES 


Figure 3. Bearing Concept 

Although there were viable solutions suggested for this failure mode, the concept was 
abandoned due to the required lead-time to implement the fix. The final bearing design 
used was a more conventional approach with an attendant mass penalty of 
approximately 9 kg. The mass penalty was primarily due to the substantially heavier 
beanng races as well as the up-sizing required for the switch to ball elements in place of 
the lighter cylindrical elements. The case hardened stainless steel races were attached 
to the aluminum base with a hard point at the Encoder Home position and slidinq clamp 
fasteners along the balance of their lengths. This arrangement prevented thermal 
distortion of the races while preserving the preload in the bearings and the accuracy of 
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the mechanism. The bearings for the upper two stages are of a similar design while 
sized according to the mechanism loads. 


V and Z Uppp r Stage Structures . . . . . , 

The structures of the transverse and vertical stages were designed and constructed 
from the same materials and components selected for the Base. FEA modeling was 
performed at each structure level to optimize strength-to-mass ratios. In each instance, 
after initial design layout was completed, the resulting prototype structure was 
transformed from a collection of individually machined, pinned and fastened 
components to a single structure machined from a solid piece of material. This 
approach was proven necessary to ensure sufficient repeatability in the structure(s) 
when load directions and magnitudes are varied during use. The single structure 
approach yielded additional benefits in ensuring a more precise fit of the components 
and a finer control of bearing alignments and preloads. 

^t^So^ounting and alignment of the linear encoders were expected to be one 
of the larger challenges of this mechanism design. The actual process did not 
disappoint anyone. Sensor technologies with sufficient resolution to meet the 
requirements were few and far in between. Additionally, no “off-the-shelf space- 
qualified components were available. Several categories of technologies were selected 

for evaluation: 

1) Laser Interferometry. 

2) Magnetic Encoder with metal tape. 

3) Magneto-Resistive sensor with magnetized tape. 

4) Optical Encoder with perforated encoded tape. 

Interferometric sensors required the most development as no space-qualified 
components in the required form factors were known to us. In addition, the sensors 
were found to be very sensitive to mounting distortions that occurred from mechanism 

deflections under load. 

Magnetic sensors were deemed too susceptible to spurious magnetic fields generated 
by customer supplied equipment. Additionally, the required resolutions were not 

available. 

The technology ultimately selected was the optical encoder. The required resolution 
ranges were well within the capabilities of available components. Mil Spec hardware 
was selected for redesign and up-screening to space requirements. 

The implementation of this design concept was not without obstacles. Due to the size 
of the mechanism, thermal expansion of the components was a key issue. Under 
worst-case conditions, the thermal changes in the base could introduce as much a 
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2.5 mm of error between the reported and actual position of the X-axis stage One 
solution was to mount each scale on a bar of “ZERODUR” glass. The bar was to be 
fixed at the home position of each axis with a pin while each end was captured in 
slotted mounting holes and spring-loaded screws. This approach reduced the total 
thermally induced error to less than 3 microns in any direction. Special end mounting 
clamps were developed to allow the scale and “ZERODUR” substrate to independently 
respond to temperature changes without affecting the “home’ position accuracy. 

Several studies were performed to determine the feasibility of using the fragile “glass" 
scale mounts in flight hardware. As a result of these studies, it was decided to replace 
the “ZERODUR” scale mounts with “Super Invar” steel bars. Super Invar alloy a 
derivative of the more commonly used “Invar” Stainless Steel alloy has one of the 
lowest known CTE’s for metal. The total induced error for this solution is 8 microns. 

As a result of the redundancy requirements, two complete encoder systems were 
affixed to each axis. However, the dual read heads and home sensors on each axis 
were carefully and precisely adjusted to ensure mechanism accuracy. 

Drive Motors 

As with every other component in this mechanism, the drive motors required 
extraordinary performance. The overall diameter of the motor(s) was severely limited 
due to the compact and dense nature of the mechanism details. Several types of BLDC 
motors, such as stepper, cog-free (toothless), and standard “toothed” motors were 
evaluated and sized. The stepper motors, both permanent magnet and hybrid types, 
were deemed unacceptable because of the smooth motion required of the mechanism. 
The cog-free motors would have been ideal with respect to positioning accuracy and 
smoothness requirements, however, as a result of the diameter limitations imposed by 
mechanism size, a cog-free design proved impractical. Based on the conclusions of 
this initial study, standard “toothed” BLDC motors were selected. Commutation is 
performed by redundant Hall Effect Sensor assemblies triggered by separate precision 
commutation rotors. Each motor assembly consists of two independent stator 
assemblies housed in a common housing and driving a common output shaft. After 
initial FEA and magnetic analysis, a set of brassboard-level motors were fabricated and 
tested. As a result of the initial testing, three valuable lessons were reaffirmed. 

1 . In order to gain the extreme positioning accuracy required, the cogging torque of the 
motors must be kept to an absolute minimum. This was accomplished by the 
skewing of the stators. 

2. Hall Effect sensors for each individual motor phase must be adjusted to minimize the 

phase angle error of each coil during motor commutation for both directions of 
rotation, i.e., the Hall sensors should switch at the BEMF crossover point to within 
5% in either direction. This technique results in minimum torque ripple under any 
commutation regime. 1 2 
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3 The relative position of the redundant motors on the common output shaft must be 
’ carefully adjusted to cancel the residual cogging torque of the two motors. 


EM and Qual level motors were built with these design features incorporated. Testing 
of motor performance proved the validity of these design concepts. Figure 4 depicts a 
set of Qual-level motors alongside the Qual ECU assembly. 



Figure 4. Qual motors and ECU Assembly 


System Integration , 

Assembly of the integrated mechanism was a careful process of measurement a d 

fitting Because virtually all motion elements are void of backlash and free play, any 
small misalignment would result in binding and positional errors. Accordingly, each 
element was carefully measured and shimmed in place during assembly. The end 
result was a rigid structure with free motion in each axis. 

As a result of the specified requirements of the system, it was envisioned from the onset 
that the entire system would be software mapped for position errors after final 
assembly Snce each axis measures position relative to its own “hard” home posit, on, 
errors in position relative to system hard mounting points would be present as a result of 
the following factors: 


370 


1 . Straightness and flatness of linear bearing races. For example, if races of one axis 
are out of flat such that at any point of travel a displacement of the carried axes has 
occurred, the sensors of the carried axes will not report any position errors. 

2. Any pitch, roll and yaw errors in the structural components. 

3. Structural deflections as a result of the external loads applied after mechanism 
installation. 

The error mapping was performed using a precision optics bench for set up of the 
mechanism and measuring instruments and several laser interferometers. Maps of the 
existing errors were developed for 25-mm travel increments in each axis and saved in 
tables in non-volatile memory. The software routines of the system look up error values 
for any position and compensate dynamically. Figure 5 depicts measured error values 
for one of the redundant systems over the travel envelope. 



Figures. Error Map 
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Conclusions 


It is possible to develop extremely accurate positioning mechanisms for use in space 
without resorting to the most expensive options. Through the use of CAD modeling and 
FEA computer aided analysis, early concepts can be rapidly iterated, refined and 
quickly tested Each component must be robust and of sound design but must fit the 
whole of the design in a flexible and complementary way. Proven concepts from 
previous designs as well as lessons learned from brassboard testing should be 
integrated and further simplified for final design. 
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NASA Orbiter Extended Nose Landing Gear 

Steven R. King , Scott A. Jensen* and Christopher P. Hansen 


/C. 


Abstract 

This paper discusses the design, development, test, and evaluation of a prototype 
Extended Nose Landing Gear (ENLG) for NASA’s Space Shuttle orbiters The ENLG is 
a proposed orbiter modification developed in-house at NASA's Johnson Space Center 
*? y a j0lnt 9° vernment ( in dustry team. It increases the orbiter's nose landing gear 
(NLG) length, thereby changing the vehicle's angle of attack during rollout, which lowers 
the aerodynamic forces on the vehicle. This, in combination with a dynamic elevon 
change, will lower the loads on the orbiter’s main landing gear (MLG). The extension is 
accomplished by adding a telescoping section to the current NLG strut that will be 
pneumatically extended during NLG deployment. 

Introduction 

At orbiter nose wheel touchdown, orbiter aerodynamics create a vertical peak load spike 
on the MLG. This spike is due to the orbiter’s -3.5° angle of attack during rollout (as 
shown in Figure 1) and elevon forces present at NLG touchdown. These peak loads 
increase with higher airspeeds at NLG pitch-over and a further forward vehicle center of 
gravity (CG). Orbiter handling characteristics during nose-up rollout are marginal with 

crosswind thereby making the nose-up period a critical time during 



Figure 1. Space Shuttle Orbiter Endeavour During Rollout (STS-49) 


^Lockheed Martin Space Operations, Houston, TX 
" NASA Johnson Space Center, Houston, TX 
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landinq. The peak loads dictate margin of safety for tires, the MLG, and orbiter 
structure. Extending the length of the NLG can help lower the load spikes, protecting 
aqainst tire blow-out and structural overload. A Rockwell International study done in 
1992 suqgested that an ENLG would increase capability (s.g-i decrease MLG loads, 
manifesting flexibility, and expand longitudinal axis CG envelope), improve mission 
success, and would be an economically justified modification. 


Existing Orbiter NLG ^ . 

The landinq qear system on the orbiter is a conventional aircraft tricycle configuration 
consisting of a NLG (as shown in Figure 2) and a left and right MLG. Each landing gear 



Figure 2. Existing Orbiter NLG 
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includes a shock strut with two wheel and tire assemblies. The NLG is steerable via an 
electrohydraulic steering actuator. The NLG is located in the lower forward fuselaqe 
and is enclosed by two doors. The NLG and MLG can only be retracted durinq qround 
operations. a a 


^°. r ., r ®^ rac ^ ,on ' ^e NLG is hydraulically rotated forward and up during ground operations 
until it engages an uplock hook in the wheel well. The uplock hook locks onto a roller 
on the strut. Mechanical linkage driven by the landing gear mechanically closes the 
landing gear doors. These doors have high-temperature reusable surface insulation 
thermal protection system tiles bonded to their outer surface with thermal barriers for 
protection from the high-temperature thermal loads encountered during entry. For 
deployment, the uplock is activated by the flight crew initiating a gear-down command. 
The uplock hook is hydraulically unlocked from the roller. Mechanical linkage actuates 
the gear doors to the open position. The NLG reaches the full-down and extended 
position within 10 seconds and is locked in the down position by a sprinq-loaded 
downlock bungee. a 


The NLG shock strut is the primary source of shock attenuation of its landing loads It 
is primarily made of high-strength, stress corrosion-resistant alloy 300M. Cadmium and 
chromium plating and urethane paint are applied to the strut for environmental 
Protect.™. The strut is a hydraulic fluid/gaseous nitrogen (i.e., oleo-gas) shock 
absorber used to control the rate of compression extension and prevent damaqe to the 
n !2S» by * oa d application rates and peak values. The NLG shock strut has 

a 0.559 m (22 tin) stroke. The maximum allowable derotation rate is approximately 
9.4 /sec or 3.35 m/s (1 1 ft/s) vertical sink rate. The maximum allowable loads per NLG 
tire is approximately 200.17 kN (45,000 Ibf) and rated at 115.24 m/s (224 knots) landing 
speed. Because the shock strut is subject to zero-g conditions during space fliqht a 
floating piston separates the gaseous nitrogen from the hydraulic fluid to maintain 
absorption integrity. 


ENLG Objectives 


Benefits 

The advantages of incorporating an ENLG into the orbiter fleet include: 

• Safety improvements resulting from higher pitch-over speeds (i.e., reduced nose- 
up time) and reduced risk in the event of a single flat MLG tire. 

• Potential time/cost reductions in training if landing procedures are simplified. 

• Potential weight expansion for specific flights. If peak loads are reduced heavier 
payloads could potentially be manifested. 

• Increased MLG tire margin. 


• Reduced MLG tire loads could potentially allow MLG tire re-use. Current tires are 
used only once because of carcass damage sustained during landing from peak 
loads. Tire re-use would result in time and cost savings. 

Supporting Simulations 

rI?ili id / e A^ i 7 1u [ at . ions (W K ™ an - in - |0 °P) were conducted at NASA-Ames Research 
center (ARC) to help quantify the response of the orbiter’s landing system to NLG 
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extension Simulation variables included: different pilots, weight and CGs crosswinds, 
dynamic elevon settings, different extension lengths, runway surface, and drag chute 
deploy timing. These runs showed a significant decrease in MLG peak loads as a 
result of NLG extension and dynamic elevon setting modifications. For example, Figure 
3 shows the simulated left MLG loads of a 104.3 metric ton (230,000 Ibm) orbiter 
landinq in a 10.29 m/s (20 knot) crosswind for different combinations with or without the 
drag chute and/or extension. Additional simulation runs determined that the optimal 
extension length to be 0.635 m (25 in). Monte Carlo simulations were performed to 
establish performance envelopes. Some of these runs were conducted using NASA- 
JSC’s Systems Engineering Simulator (SES). For the extreme landing load case (i.e., 

1 12.5 metric ton (248,000 Ibm) orbiter, forward CG), a 0.635 m (25 in) NLG extension 
with proper use of drag chute would: 


. Limit the MLG peak load to 622.75 kN (140,000 Ibf). 

• Keep predicted load near but below the rated load of 306.04 kN (68,800 Ibf) per 
tire. 

• Maintain a load approximately equal to the tire’s peak sustained test loads of 
613.85 kN (138,000 Ibf) for a two second duration. 

. Keep the slap down rate at 5.8°/sec, giving a margin from structural limits of about 
1.6°/sec on the NLG. 


All other weights and vehicles do better. 


Left IVLG Lead 



Figure 3. MLG Load Comparison 
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The combined SES/NASA-ARC simulation data shows: 

• The orbiter can have normal tire steering response when tires are used at rated 
load. 


• All orbiters will have single tire capability during normal operations: however not 
all vehicles would have single tire abort weight capability. 

• The orbiter can stay within hardware structural limits with the loss of either draq 
chute or extension capability during landing. 


System Description 


? rb i-i® r ENLG ( reference F 'gure 4) is a lengthened version of the existing NLG 
wmch utihzes as much existing orbiter hardware as possible. This allows it to be "bolted 
in with rmnimal modification to existing orbiter hardware which minimizes the cost 
impact. The ENLG stows and deploys from the orbiter's current NLG wheel well 
configuration without changing the wheel well volume and NLG door deployment 
^phamsms. Minimal changes to the NLG deployment mechanisms are required. The 
LNLG system consists of an extension strut with a new set of torque arms a wedqe 
locking mechanism, and a pneumatic deployment assist system. A new shock strut 



Figure 4. Orbiter ENLG Hardware Configuration 
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upper cylinder is needed to accommodate the extension strut Current hydraulic and 
pyrotechnic landing gear deployment assist devices remain intact a pd fundional, 
however, a new torque tube, drag link, and overcenter link are required due to the 
larger upper cylinder. 

men the NLG^deploy signal is given, the gear deploys normally As the nose wheel 
assembly clears the wheel well, the extension strut is pressurized to ~0.2 MPa (~ 
psiq) providing enough force to ensure full deployment. At the correct length, a hard 
stop prevents further extension. At nose wheel touchdown, the wedge locking 
mechanism prevents retraction of the extension strut. The existing oleo-gas strut 
absorbs the landing impact. After rollout, the ENLG system is pressurized (e.g., < 6.9 
MPa (<1 000 psig)) to carry the static weight of the vehicle and unload the locking 
device. The wedge locking mechanism is disengaged using a small actuator A small 
valve will be opened, purging gas, allowing the vehicle’s weight to compress the 
extension strut back to the retracted length on the runway. This allows current ground 
support equipment to be used without modification. 

Th^ENLG^Iesign features a pneumatically actuated extension which provides an 
additional 0.635 m (25 in) in deployed length. A new middle segment, the extension 
strut is added between the NLG's upper strut cylinder and piston/axle assembly 
Externally it provides the interface to the wedge locking mechanism, and internally it is 
a copy of the current upper cylinder. Since this internal interface is unchanged, the 
piston/axle assembly’s existing oleo remains intact and is inserted into the extension 
strut. This maintains shock strut functionality. Figure 5 shows the extension strut in its 
fully deployed position. 

The extension strut has sine waves machined along nearly its entire o uts idedi a 
length (reference Figure 6). This will allow the wedge (as shown in Figure 7) to lock the 
strut anywhere along its length, in 25.4 mm (1 in) increments, to provide load carrying 
capability should the extension strut not extend fully This sine wave pattern also 
desensitizes the system to contaminants such as leaking hydraulic fluid. Additional 
design details behind this sine wave interface are discussed later in this paper under 
the heading "Wedge Locking Mechanism Development." 

As seen in Figure 7, the cap and seal provide the closeout to allow the pneumatic 
system to add force to the extension strut during deployment. The cap is steel and . 
attached to the extension strut with flathead screws. The seal is made of acetal and is 
fit to the cylinder bore in the same way as an automobile piston ring. 

The extension strut is supported axially by two bearings (reference Figure 7) upper and 
lower made of aluminum bronze. They are a sliding fit over the extension strut outside 
diameter. These bearings are long enough to span two sine wave peaks at any time 
during the travel of the extension strut. 

The damper (reference Figure 7) is a simple ring of energy absorbing rubber to soften 
the impact of the extension strut when it is fully deployed. The upper bearing slides in 
the cylinder upon impact of the cap, allowing the damper to be compressed. 
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Figure 5. ENLG Extension Strut in Deploy Configuration 

A redesigned upper strut cylinder is required as part of the ENLG. It has a larger 
diameter than the current cylinder to accommodate the new extension strut and higher 
bending loads. It houses the extension strut and carries the wedge block and related 
components (reference Figure 7). It also has the connections for the hydraulic 
extend/retract actuator and for the torque tube. New torque arms (i.e., the lower and 
upper torque arms) are added between the extension strut and upper strut cylinder. 

Wedge Locking Mechanism 

The ENLG s wedge locking mechanism (reference Figure 7) allows the new extension 
strut to be locked after extension and prevents retraction if partially deployed. This 
mechanism consists of the wedge, wedge block, and retainer. The locking wedge 
concept has sine waves machined along nearly the entire length of the extension strut's 
outside diameter and an identical pattern on the wedge's inner diameter to ensure 
positive locking. 
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Figure 6. Extens ion Strut’s Machined Sin e Wave Pattern 

The wedge is shown in Figure 8. The wedge block is solid with an internal cone angle 
to match the cone angle of the wedge which is an included angle of 16 . Tl he retainer 
functions to keep the wedge near the wedge block during the deployment stroke and as 
an aid for assembly. Additional design details behind the wedge, wedge block, and 
extension strut/wedge sine wave are discussed later in this paper under the heading 
"Wedge Locking Mechanism Development." 

Yet to be designed is a mechanism to allow the wedge to be unlocked on the runway 
after landing. It would likely have a small actuator to disengage the wedge locking 
mechanism and a small valve to purge the gas used to deploy the extension strut 
Purging the gas would allow the vehicle's weight to compress the extension strut back 
to the retracted length as the orbiter sits on the runway. 


380 



CYLINDER 



Figure 7. Wedge Locking Mechanism 

Pneumatic Deployment Assist System 

J !loif Wil1 requir . e th © addition of a nitrogen gas supply line in the orbiter's forward 

fuselage for pneumatic actuation as the ENLG deploys. The pneumatic system’s 

and valves U d be V6ry reliab,e b y having built-in fault tolerance with multiple tanks, lines, 


Demonstration Unit Development 

InaH hf l eve * P rotot yP es - one functional demonstration unit and one 

thpvnh ^at 9 ri? i^Ifim S f emb ^ y /er a constructed. The functional demonstrator allowed 
the volumetric, kinematic and functional aspects of the new ENLG system to be tested 
In support of developing the demonstration unit, an assembly of load^earing 

conditions tS the ' r fina ' confi 9 uration ) wa s used to subject them to peak landing load 
Implementation Plan 

Til S nnTi h r? ri f ed i he fab ? ca J ion of . a ful| - scale > operational ENLG demonstration unit. 

I he DDT&E of a demonstration unit was to be a six month project. This effort included: 

• Preliminary and detail design of the ENLG demonstration unit. 
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• Orbiter-to-ENLG mechanical/structural interface definition. 

. Use of existing Orbiter Vehicle (OV)-101's (Enterprise’s) hardware to reduce 
cost/schedule. This meant borrowing hardware given to the Smithsonian 
Institution for preservation. 

• Use of an existing NLG qualification test fixture to reduce cost/schedule. 

• Allowing early mechanical/reliability assessments to be made before Space 
Shuttle Program commitment. 

• NASA-ARC man-in-loop simulations to define landing loads. 

. Demonstration unit fabrication, assembly, checkout, troubleshooting, and testing. 



Figure 8. ENLG Wedge Piece-Part 


The'numberand complexity of ENLG system components was to be minimized. Thus, 
mechanical ratchet, hydraulic, and pyrotechnic release mechanisms were eliminated 
from the system's design. Keeping the new system as simple as possible increased the 
reliability of the system while reducing the cost of the upgrade. 

The wheel well volume could not be violated and this requirement was the major driver 
towards an extension strut as opposed to simply lengthening th ®, (0 n . v 
configuration. The original target length for NLG extension would be 0.635 m (25 -in) as 
determined by the NASA-ARC simulations. However, the prototype s design could only 
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acc°mmod a te an extension of 0.597 m (23.5 in) because of several factors These 
included hardware fidelity limitations and the resulting schedule impact of relocating the 

? trt f S up 0 c k ro e m After obser ving the assembled demonstration unit in its 9 test 
fixture (reference Figure 9), it was felt that the additional 0.038 m (1 .5 in) could have 

unit’s 0 597 m a /?3 ^£\ the * der T lonstrati on unit if needed. However, the demonstration 

schedule, cost, and hardwam fcteity® de6med a " aCCeptable “"'promise in light of 



Figure 9. ENLG Demonstration Unit and Wheel Well Test Fixture 

Since the ENLG is a “bolt-in” system, no orbiter well wheel brackets or other fittina 
modifications were needed. All present uplock and release mechanisms, including door 

r^oae^ COr 2 P w n ^ ntS we * e to be used as is - p y rotech nic assist devices for uplock 9 

and deployment were utilized and remain intact and fully functional Also the 
hydraulic extend/retract actuator hydraulic lines did not have to be disconnected. 

Wedge Locking Mechanism Development 

A simple locking wedge (reference Figure 7), or collet, was chosen to meet the project's 
cost simplicity, and reliability criteria. The collet principle is used extensively in the 

tra f d £ and w as the model for the lockin 9 mechanism employed y Several 
ranahii;+f/ °i nS th f the wed 9 e concept were load tested to determine their load carrying 
capability. In this setup, the locking function requires the wedge to self lock That isno 
external actuation would be applied to the wedge to facilitate lock up 

t jj ad ? rr Vin g test article consisting of upper and lower cylinder simulators the wedge 
and wedge block, was used to try out different locking mechanism combinations. The 
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test article was assembled into a load frame and loaded in compression. The load cell 
and deflection instrumentation built in to the load frame were used. 

First wedges with different external angles and smooth internal bores s were tested to 
determine if they would actually lock under load. This concept relied on friction to 
provide the locking function. The small cylinder has a chrome P lated ^rfaceandthe 
wedqe block was coated with dry film lubricant. The wedge was rnachined from AISI 

4340 steel, heat treated to 1.4 MPa (200 ksi), and _ h . a ^ The 

maximum load attained by this configuration was 71.17 kN (16,000 Ibf). 

It was determined that the difference in coefficient of friction between the wedge/lower 
cylinder interface, and the wedge/wedge block interface was not large enough. The 
wedae/cvlinder interface was cleaned and the wedge was sanded to remove heat treat 
swle The maximum load capability was still only 84.52 kN (19,000 Ibf) before slipping. 

The next configuration used rows of ball bearings in an effort to decrease the friction 
between the wedge and wedge block. Grooves for the balls were machined into t 
wedge block using a wire electrical discharge machine (EDM). Bearing b. a|ls of 3^2 mm 
(0.125 in) diameter were inserted into the grooves with the intent of ^^wing the we g 
ride on them creating only rolling friction between the > wedge and wedge block. This 
configuration attained a load of only 106.76 kN (24,000 Ibf). 

At this point a feature to provide mechanical locking was needed, but the wedge 
scheme still seemed to hold promise. A new wedge and cylinder with a series of 
annular rings which create a sinusoidal cross section in the longitudinal direction were 
machined. As previously stated, the sine waves on the wedge inner diameter and 
cylinder outer diameter are identical, with a pitch of 25.4 mm (1 'n> and an i ampl l,tude 
±1 3 mm (±0.05 in). The new hardware was coated with Nedox (TM General 
Maqnaplate) to provide a hardened surface with some lubricity. This configuration was 
load tested and achieved the required 400.34 kN (90,000 Ibf) load carrying capability. 

The wedge concept has many design and functional benefits. The wedge does J^ hl 
require force due to friction to achieve lockup making the mechanism very dependable. 
The mechanism is very simple, consisting of only one major moving part. Although the 
shape of the wedge is fairly complex, it can be fabricated with standard machining 
operations on the computer numerical control lathe and wire EDM. Close tolerances 
are not necessary other than the cone angle of the wedge and wedge block. It is also 
felt that the wedge could sustain one or two fractures at the thinner sections and still be 
functional, although no testing has been performed to prove this point. 

The unlocking mechanism has not been developed at this time and will add 
but its function will not be needed until ground crew are ready to service the orbiter after 
landing This means that the reliability of the unlocking mechanism, however complex, 
does not effect the reliability of the locking mechanism. 

Thehardware designed and fabricated for the demonstration was intended for 
development testing only. Several items will require design attention before flight 
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articles can be fabricated. These items are: 

• Since the demonstration unit was fabricated using weldments and mild steel where 
possible, fight articles will require the usual high strength materials, material and 
processing controls, and quality assurance provisions. 

• The wedge locking mechanism's damper is an energy absorption device which is 
simply a pad of rubber in the prototype. It should be relocated at the very least 
and can stand some work on optimizing its function. 

• The entire ENLG system needs to be reviewed for weight reduction. New titanium 

matrix composites show promise to significantly reduce weight but would add 
material cost. For the prototype, weight was not a major consideration but it 
becomes critical for flight systems. The wedge block and bearings are prime 
candidates for weight reduction. K 

• The hydraulic line for the nose wheel steering will have to be extended and 
provisions for extending it with the extension strut will have to be made NLG 
deploy electrical power, distribution, and control will not have to be changed. 

• The strength of orbiter forward fuselage bulkheads and other load bearinq 

ScTiSlifil! 8 Th- have to b , e assessed (i.e., identify low margin areas) and modified 
as required. This may include strengthening the NLG trunnions. 

• Develop the unlocking mechanism for the wedge locking mechanism. A simple 
shape memory metal actuator may be developed for use in unlocking the wedge. 

• Conduct reliability/fault tolerance trades on extension deployment options. This 
SlnK assessing sensors, flight software changes, and the balanced load 
chute^ailure^ 6611 NL ^ and to protect f° r e ' ther extension failure or drag 

Demonstration Unit Testing 

The original project plan called for the demonstration unit to be operational by 

9 «' f ^ actua !!y be 9 an in March 1998. This slip resulted from the 

m^hLnlcmnto ° f modification delays, finding a workable wedge locking 

echanism i design, test facility availability conflicts, and demonstration unit 
maoufackinng delays. Once operational, the prototype testing proved to be very 

Test Configuration 

from OV^ newly fabricated piece-parts and components 

from OV-101 s NLG, was installed into a test fixture used originally to fliaht certify the 
?™ er m the mid 1970’s. This fixture was obtained from Boeing North American 
? a t for " la j- Several °f its ladders and counterweights were removed to allow 
*° be transported to JSC by truck. The NLG door simulators were also 
removed to simplify rigging and access around the gear. It was then painted and set in 
place in NASA-JSC's Structures Test Laboratory (STL) in building 13 

ori 3 ina ' N L 9 bolted on to the fixture without adjustment or 

99 9- The NLG unlocking mechanism was not incorporated in the demonstration 
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unit due to its schedule impact on the project. A pneumatic deptoyment assist system 
was installed. The test configuration used the STL s compressed air supply. 


Results ■ ■ ■ — - . . ' — .. . 

The operational ENLG demonstration unit proved. 

• Even though a 0.597 m (23.5 in) extension was test, a 0.635 m (25 in) extension 
would fit within the existing wheel well volume (reference Figure 10 with the 
orbiter’s nose towards the left). 



Figure 10. ENLG in Stowed Configuration within the Wheel Well 






A majority of the existing NLG mechanisms can be utilized. 


Existinq NLG mechanism kinematics can be preserved; however several linkages 
had to be redesigned to provide room for the larger upper strut cylinder. 


Approximately 68.04 - 90.72 kg (150 - 200 Ibm) would be added to the existing 
NLG system’s weight. 

Very little pressure was required to ensure the extension deploys (i.e., prototype 
deployed easily without pressure assistance). 

Extension time was well within the time to deploy and lock the existing NLG. 


386 


• A simple, reliable functional locking mechanism which incorporated the sine wave 
pattern locking wedge mechanism concept. It was tested to flight load levels and 
demonstrated easy release once the load was removed. 

Lessons Learned 

As mentioned previously, the early versions of the wedge locking mechanism relied 
upon friction between the wedge outside diameter and the cylinder inside diameter to 
provide the force to lock the wedge and carry the load. After taking heed of the old 
adage to ‘‘never rely on friction,” the sine wave approach was selected as the final 
solution. 

No optimization of the wedge and wedge block configuration was attempted, either 
analytically or through testing. The amplitude and wavelength of the sine wave, the 
cone angle of the wedge/wedge block interface, the hoop tension of the wedge, and the 
engagement length of the wedge and extension strut are among the many factors that 
affect the performance of the locking system. The configuration chosen was based on 
judgment and it worked. The concept seems to be insensitive to tolerance buildup. For 
example, the sine profile on the load bearing extension strut was incorrectly machined 
and the 400.34 kN (90,000 Ibf) load requirement was still achieved. Despite the 
success of the demonstration unit, some further testing in this area would be beneficial. 

Conclusions 

A prototype ENLG was fabricated and successfully demonstrated. This includes the 
development of a unique locking wedge mechanism having many design and functional 
benefits. The ENLG demonstration unit verified the assumption that NLG extension 
would be a practical and economically justified modification. The ENLG is a strong 
contender to be weighed by the Space Shuttle Program as they select which upgrade 
candidates will eventually be implemented. 
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Abstract 


The Interim Control Module is a propulsion and attitude control module for the 
International Space Station developed to serve as a replacement for the Russian 
Service Module in the event that Russia does not deliver the hardware as expected 
The hardware was developed through a joint NASA/Naval Research Laboratory 
program and is based on a Department of Defense payload. This paper discusses the 
development and testing of the Extraction Strut hardware that will be used to assist in 
removing the Interim Control Module from the Shuttle’s payload bay. 

Introduction 

Several years ago, a decision was made by the United States to include Russia in the 
development of the International Space Station (ISS). A very large role in operations 
use of research facilities, and hardware development was awarded to the country. 

One of their first major components, the Functional Cargo Block, was launched in 

ft the U w S - N0de ' ™ e neXt major Russian component, the 
Service Module (SM), would provide attitude control for the fledgling station, as well as 

the nrst permanently occupied module, which would allow full-time residence on the 
f Q a *' on ^ R “ ssian astronauts. However, financial difficulties in Russia in 

1997 and 1998 placed an on-time delivery of the SM in doubt. Directed by Conqress 
to find an alternative to the SM if Russian hardware was not delivered, NASA turned to 
the Naval Research Laboratory (NRL) for assistance. In the 1980’s, NRL developed a 
propulsion and control module for a Department of Defense payload to fly on the 
Shuttle. This module was shelved after the Challenger accident, but with some 
modifications could serve as a temporary replacement for the important attitude control 
functions of the SM. Dubbed the Interim Control Module (ICM) by the NASA-NRL 

team, preparations began in 1997 to convert the module into a Space Station 
component. 

° n ® ' h ® " r f P A 0bl , emS * ncoun,ered was how '0 gel the ICM out of the canister and 

onto he Orbiter Decking System (ODS). The canister is a large carrier attached by 
retention latches in the Shuttle's payload bay. Shaped like a large aluminum can with 
one open end, the canister provides a structural attachment for the ICM to the Shuttle 
Figure 1 shows the ICM and canister in the Shuttle payload bay. The Shuttle’s robot ' 
arm will be used to extract the ICM from the canister and place it onto the ODS The 
problem is the orientation of the canister. Since it is parallel to the payload bay the 
canister would have to be t ilted upward to allow clearance between the ICM and the 

* NASA - Johnson Space Center, Houston, TX 
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Shuttle as the ICM is pulled out. The original method called for ^complicated 
operation that would allow the canister to be removed, rotated 90 and re -berthed into 
the payload bay latches, using remote electrical umbilicals to connect the ICM to 
critical Shuttle power. This method would require expensive modifications to the 
canister and the use of several complicated umbilical mechanisms. The Engineering 
Directorate at the Johnson Space Center proposed a simpler approach The new 
method would require the forward latches holding the canister to be released, allowing 
the canister to be rotated upwards about the aft latches by the robot arm A clamper 
mechanism would have to be designed to hold the canister in place while the robot 
arm extracted the ICM and berthed it onto the ODS, but this would be a much less 
complicated and less expensive solution. 

Fiaure 2 shows the canister and ICM rotated up allowing ICM extraction. Analysis 
shows that a 25° tilt is required to allow sufficient clearance for the ,c ^ Several new 
mechanisms would be required to complete the task of extracting the 'CM from its 
canister and successfully attaching it to the ODS in preparation for the ICM s 
attachment to the ISS. 

Mechanism Requirements 

Three mechanisms were designed to accommodate the new tilt procedure. A strut 
with a damping mechanism was required to hold the canister in a tilted position w i e 
the extraction is taking place. This Extraction Strut would allow the canister to be 
rotated by the robot arm, yet hold the canister in place during the jet firings required to 
uprth the ICM to the ODS. A velocity-sensitive damping design was selected that 
would allow a slow rotation of the canister under a small load from the robot arm, yet 
offer much larger resistance to motion induced by jet firings. 

In addition to the strut, a special attachment between the strut and the Shuttle had to 
be designed Since the canister was to be rotated out of the payload bay, if for any 
reason the canister couldn't be rotated back down, it would prevent the payload bay 
doors from closing. Therefore, a way to jettison the ICM, canister and strut I had to be 
maintained The canister and ICM are attached to Shuttle using Payload Retention 
Latches which can be open and closed remotely, allowing easy jettison. However, 
the strut is attached to both the Shuttle and the ICM and therefore a remote method for 
efeashg the strut from the Shuttle also had to be devised. The Pyrotechnic Release 
Bracket (PRB) would serve this function. The PRB is attached to an existing piece of 
hardware called a Getaway Special (GAS) Beam. The GAS Beam attaches to the 
sidewall of the payload bay and provides attach locations for small payloads. The 
PRB attaches directly to the GAS Beam and provides a structural attach for the 
Extraction Strut The PRB has a pyrotechnic pinpuller that allows the strut to be 
remotely released in the event an emergency jettison is required. The Py^®^ n ' cs 
are fired using standard Shuttle firing circuits and are initiated using NASA Standard 

Initiators (NSI). 
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Jrll^ r6 T* SS nn A b ^ re 2 Uir ® d for the extraction 's called the Guillotine Bracket Assembly 
(GBA). ( The GBA is a bracket that attaches two guillotines to the port side of the 

Sh r®? P f y [°, ad bay ' AI1 ICM power and communication cables are run from the aft 
end of the ICM canister into a standard connector in the Shuttle. In the event an 
emergency jettison is required, these cables would have to be severed remotely. Two 
guillotines from the Shuttles KU-Band Antenna were used, attached to a custom 
bracket and would serve the purpose of severing the cables if needed. 

These three assemblies constitute the necessary hardware to allow the simpler ICM 
extraction procedure to be successful. H 

Mechanism Description 

Extraction Stmt 

InH thoir C M° n Str * Ut As if mb,y < ESA ) acts as a hydraulic damper between the Shuttle 
nd the ICM canister. The strut is shown installed in the payload bay in Fiaure 3. 

th 9 ^ ao D h ° WS the ' CM attach bracket, which is part of the ICM canister, the ESA and 
the GAS Beam used to attach the strut to the sidewall of the Shuttle. The main ’ 
component of the 1.5-meter (5-ft) long strut is a two-way, silicon-fluid hydraulic 
damper. The damper is shown in a cross-sectional view of the entire strut in Fiqure 4 
The clamper is an off-the-shelf component manufactured by Enidine Inc. of Orchard 
Park, New York. The strut is a derivative of a design used by the Boeing 747 The 
strut uses silicon fluid as its damping medium, chosen for its low freezinq point 
allowing the strut to operate in the cold temperatures of space. To minimize the cost of 
the extraction hardware, off-the-shelf components are used wherever possible and a 
passive thermal control concept is utilized. The damper is contained within two 
telescoping aluminum tubes, which act both as a structural hard stop when the strut is 
bottomed, as well as thermal protection for the damper inside. The strut tubes are 
f° atad Wlth a wbl f e Che| nglaze paint to help control temperatures inside the strut and 
the damper itself is coated in aluminized Mylar to limit the radiant heat interaction 
between the aluminum tubes and the damper. The damper itself is a two-way damper 
which means it provides resistance both in tension and compression. The resistance 
is velocity sensitive, with the resistance being approximately the square of the velocity 
times a damping constant. This feature allows the Shuttle's robot arm to move the 
canister, thus stroking the strut, with a small amount of resistance, yet provides a larqe 
resis ing orce when the canister is being subjected to accelerations from the Shuttle's 
attitude control jets. The damping force prevents the ICM from moving in any direction 
fast enough to cause damage to either the ICM or the Shuttle. 

Connected to the damper is a special latch that serves several functions. The latch is 

tn°IhL eCt th d h 6 t!!^ ° f ^ ne ° f the aluminum tubes > while the damper is connected 
to the other tube. The latch is shown in Figure 5. When the tubes are slid together the 

sp n ng-l°a de d lalehi is forced to close around one end of the damper, connecting the 

b^t > thp'lpth f ? e S h trUt together . Th,s feature 9 reat| y simplified assembly of the strut, 
but the latch also has a secondary purpose. Since the latch is spring-loaded, when 
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the two halves of the strut are together, a friction force is created as the latch is pressed 
aqainst a plate on the inside of the aluminum tube. This force gives the strut an 
additional load component to complement the damper. The constant force he ps keep 
the damper from drifting under small loads, and also helps bum energy when the strut 
is resisting motion from jet firings. The 267-N (60-lb) force required was deterr ™ ne ^ 
from the capability of the Shuttle's robot arm and the mechanical advantage t had in 
movinq the ICM with the strut attached. When the strut is installed in the payload bay, 
it is constrained by the canister and the shuttle and therefore cannot be extended past 
the point where the latch could disengage during flight. As the canister is tilted 
upward, the strut decreases length until the aluminum tubes bottom out against each 
other. This prevents the damper from being loaded beyond its capability and also 
provides a strong hard stop for the canister when it reaches its 25° angle. 

During preliminary design of the strut, a coupled-load analysis was performed with the 
ICM ESA and Shuttle structural models included. This analysis predicted the 
response of the system to the launch environment. It was discovered that a high- 
frequency oscillation was being induced in the strut due to different* I motion .between 
the ICM and the Shuttle. Since this motion was high frequency, and thus high velocity, 
the loads in the damper were very high. To prevent detrimental loads in the damper 
during launch, a structural fuse of sorts was added. In the load path of the damper at 
one end of the strut, the rod, which is attached to the damper latch, is connected to a 
series of pre-loaded spring washers, shown in Figure 6. The spring washers are pre- 
loaded such that under normal use during extraction and jet firings, the washers will 
not lose their pre-load and will act as a rigid structure. However, during the ow- 
amplitude high-frequency motion of launch, the spring washers allow the attach rod to 
move without 9 creating a high load in the damper. Two independent spring washer 
stacks allow the damper to be protected in both tension and compression The stroke 
of the spring washer stack was determined from the analytical models, which predicted 
the maximum relative motion between the ends of the strut. 

The strut is attached at both ends with Space Pins, a four-ball Push in .Place - (PIP) P'" 
made by Avibank, and certified for use by space-walking astronauts. The PIP pins ^c 
be installed or removed by inserting the pins into a receptacle hole and pushing or 
pulling on the handle. This allows use by astronauts wearing bulky gloves-. An 
astronaut would use the PIP pins to remove the strut if the strut |ammed during the 
extraction operation. If the strut jams before the ICM is extracted, a crewmember could 
remove the strut and continue elevating the canister by hand using special Riches in 
the Shuttle’s payload bay. This feature allows the mission to be successful even if the 
strut fails. The PIP pin locations are shown in Figure 7. 

T^RRBwas added a^anextra safety measure, protecting against the possibility of 
the canister being jammed in an elevated position. The PRB is shown in Figure 8 and 
Fiqure 9 With the canister elevated, the payload bay doors could not be closed, which 
would prevent a re-entry of the Shuttle. In the event of an emergency such as cabin 
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depressurization, the payload bay doors must be closed quickly to allow a fast re- 
entry. Therefore, a way of jettisoning the ICM and canister must be provided. 
Releasing the Canister and ICM from their latches is a fast and reliable operation 
which can be done from inside the crew compartment, but the strut connection must 
also be severed remotely. To achieve this, the PRB was designed with the goal of 
releasing the strut connection remotely. The PRB consists of a bracket connected to 
the GAS Beam on the starboard side of the payload bay. The bracket contains a 
conical shaped hole, which receives a conical shaped lug. This feature is shown in 
Figure 10. One end of the strut attaches directly to this conical shaped lug. The lua is 
placed in the bracket and a pin is pushed through both pieces, holding them securely 
together. The pin is attached to a pyrotechnic pinpuller. The conical shaped lua 
allows the strut end to release freely from the PRB when the pin is pulled 

n^ht P K nP + l! lle Lu S «? ! n th u PRB ' S an existin 9 P iece of hardware, used on every Shuttle 
fhght by the Shuttle s robot arm. The pinpullers are used to disconnect the robot arm 

from the Shuttle in the event a jettison of the arm is necessary. These pinpullers were 
selected because they are existing hardware already certified to fly on the Shuttle 
This saved both design time and cost. The pinpullers consist of a housing, which ' 
holds a piston, and a small amount of explosive activated by two NSI's When the 

NS !’ s ar ® f u ed ’ the ex P losives create Pressure on the piston, forcing it to move to one 
f" d of ! he housm g ; This motion can be harnessed to perform the work of pulling a pin. 
When the pm is pulled on the PRB, the conical lug holding the strut to the PRB is freed 
and the strut can be jettisoned along with the ICM. Since the pinpullers are standard ’ 

Shuttle hardware, the firing circuits were already in existence, again saving time and 
money. 

Guillotin e Bracket Assembly 

t T h1%QA A ’ S ^?ri™ igU T u 1 1 ’ . is located on . the P° rt side of the P a yload bay, opposite 
the ESA and the PRB. The guillotines provide a way to sever the power and 

communication cables between the ICM and the Shuttle in the event that a jettison is 

required. The guillotines selected for this purpose are the guillotines used in the 

Shuttle s KU-B and antenna. Since the KU-Band Antenna is deployed outside of the 

payload bay envelope, its jettison requirements are similar to the ICM's These 

guillotines were designed to sever cables very similar to the ICM cables; therefore no 

modification was required. Due to the number of ICM cables, two guillotines were 

required. A bracket was designed that attached the two guillotines to a standard 

Shuttle bndge fitting. The cables are routed through a large service loop that allows 

the canister to be rotated without severely flexing the cables. After the service loop 

the cables are routed through the guillotines then through a cable clamp. The cable 

c amp is a steel U-bolt with Teflon pads to prevent damage to the cables. The cable 

clamps hold the end of the cables after they have been severed, preventing the cable 

end from drifting and potentially jamming other mechanisms. There is one clamp for 

??' ? of the two guillotines. The guillotines are fired using two NSI's and force a sharp 

b ! ade “ Cab ®’ Whlch rests against a metal P |ate - ca,led the anvil. The high force 
of the blade severs the cable cleanly, leaving no debris. 
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Qualification Testing 


Qualification testing for these three mechanisms covered several areas. For the ESA, 
testing included functional testing, random vibration testing, thermal-vacuum function 
testing, and strength testing. For the PRB and GBA, test.ng included thermal- 
pyrotechnic functioning tests and random vibration testing. 

The ua^cltyn tesMor Thl sfrut wat a functional test. The functional test involved 
strokinq the strut at both a high and low rate, and measuring the resisting force 
throughout the stroke. This established a baseline to correlate analytical models and 
also for comparison to functional tests performed after each qualification test. No 
anomalies were experienced during the early functional tests. 

Random vibration testing simulated ten launches, establishing a life for the hardware. 

No anomalies were seen during the test, and the post-vibration functional testing 
indicated that there was no loss of performance. 

The first troubles came during thermal-vacuum testing. The test profile consisted of 
placing the strut in a thermal-vacuum chamber and stroking the shut at t tigh i and low 
stroke rates. A wide range of temperatures was tested, from -45 C (-50 F) to 99 C 
(21 0°F) The strut was brought to a preset temperature level using thermocouples 
olaced around the outside of the strut, soaked for 1 hour, then stroked through the 
functional profile. Resistance load was measured at each temperature for correlation 
to analytical models. Normally mechanism problems develop at cold temperatures 
but the^trut functioned perfectly at the lowest temperature level. However, when the 
strut was brought to 71 °C (160°F), the strut failed to stroke. The load level was 
increased slowly to attempt to clear the problem, but no motion was achieved. To 
troubleshoot while the strut was still in vacuum condition, the temperature was 
decreased in 5 5°C (10°F) increments and the functional test was repeated. As soon 
as the temperature dropped 5.5°C, the strut resumed normal functioning. Further 
investigation determined that the jam was repeatable at the same temperature, 
leadinq to the conclusion that a tolerance problem was creating the jam. The 
aluminum tubes, which form the outside of the strut, slide relative to each other through 
an aluminum-bronze bushing. The parts of the strut assembly are shown in Figure 12. 
The outside of each tube is painted white which tended to make the surfaces much 
slower in reacting to temperature changes. The inner tube, which slides into the outer 
tube has a hard-anodized sliding surface that is exposed to the environment. The 
anodize coating was necessary to prevent galling the tube as it slid through the 
bushing However, at hot temperatures, the exposed anodized section would expand 
much faster than the white outer tube or the bushing, which was protected by the outer 
tube Further analysis showed that the bushing tolerances were too small to allow a 
sufficient thermal expansion of the inner strut. The solution was to remove the bushing 
and machine out an additional 0.0076 cm (0.003 in) from the diameter of the bushing. 
Subsequent testing showed that this solved the problem. 


394 


The first lesson learned from this failure was that, if possible, all units, both 
qualification and flight units, should be functionally tested at all possible thermal 
environments. Tolerance stack-up in the strut could easily have allowed the 
qualification unit to pass the thermal functional test, but not the flight units. Cycling the 
actual flight unit under flight environments lends a great deal of confidence to its 
operation in flight. 

Pyrotechnic Release Bracket Testing and Failures 

The PRB began qualification testing by demonstrating its release function under load 
and at high and low temperature. The first test was a failure. The attach lug was 
loaded to 444 N (100 lb) and the temperature was dropped to -73°C (-100°F). When 
the pyrotechnics were fired, the pin failed to fully release the lug, pulling out 
approximately half the required 3.05 cm (1.2 in). The problem was traced back to the 
pin that held the lug in place. To minimize the friction between the pin and the 
aluminum housing, a dry-film lubricant, Everlube 620C, was applied However to qet 
the lubricant to remain attached to the A286 CRES pin surface, the surface must be 
sand blasted to roughen it, then the lubricant is baked on. In other mechanisms and 
joint types, this lubricant has proven to be acceptable, but in this case, the rough 
surface of the pin created too much drag for the pinpuller to overcome. As a solution, 
the pin was polished to remove the rough surface and a Braycote 601 EF grease was 
applied to the pin surface and the mating hole. When the low temperature pyrotechnic 

test was repeated, the release function worked perfectly. All subsequent qualification 
tests were nominal. 

This failure was another good example of why mechanism testing is so important. The 
Everlube 620C had been used successfully on numerous applications, and the 
assumption was that it would work fine on the pin. However, the geometry of the pin 
and lug placed a fairly concentrated load on the pin at the comer of the hole. This 
concentrated load made the sliding of the pin very sensitive to the surface roughness 
of the pin. The surface preparation for the Everlube overcame the positive benefits of 
the lubrication. In this case, a very smooth surface and application of Braycote 601 EF 
grease was a much better solution. 


Conclusions 

The concept for the Extraction Strut Assembly was born from a much more expensive 
and complicated procedure. An estimated 5-6 million dollars ($US) would have been 
required to modify existing ICM hardware to make the original extraction method work. 
The Extraction Strut program was completed for less than $500,000 ($US) Simolicitv 
is the key to inexpensive, reliable hardware. H y 
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Lessons learned on this project were: 


• Thermal-vacuum testing of all mechanisms, both qualification and flight units, is 
vital to minimizing the risk of an on-orbit failure due to unexpected anomalies. 

• In high-stress contact areas, rough surface preparation for Everiube 620C 
lubrication can prevent a mechanism from functioning correctly. A smooth surface 
with Braycote 601 EF was much better at minimizing friction in the Pyrotechnic 
Release Bracket and was necessary for the mechanism to function properly. 


The Interim Control Module is a Space Station component conceived after the Station 
had been designed to serve as insurance against a late delivery of the Russian 
Service Module. If the Service Module is on time, the ICM may never be used. 
However because of the important function of the Service Module, it is imperative that 
the ICM function properly, and be developed as fast and as inexpensively as possible. 
Creative solutions to complicated problems have led to the development of an 
extraordinary spacecraft in a very short amount of time. 
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Figure 1. (CM shown in Shuttle’s wload b^inlhHtowed position 



Figure 2. ICM shown in Shuttle’s payload bay in the tilted position 
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Figure 4. Cross-section of the ICM Extraction Strut 
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Abstract 


A solar array deployment rig is used to simulate the space zero-gravity conditions for 
ground testing and integration purposes (Figure 1). The quality of the riq is 
determined by its ability to minimize disturbance forces (static and dynamic) that cause 
a deviation from the space zero-gravity environment. These disturbance forces are- 

• Weight components acting along the path of the trolley movements 

• Forces resulting from the trolley accelerations (added mass) 

• Forces resulting from the stiffness and weight of air supply hoses 

• Aerodynamic drag and lift forces acting on the deploying panels 



Figure 1. Deployment rig overall view 


Fokker Space B. V., Leiden, The Netherlands 
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Introduction 


C Cnaro /f<Vi has been producing solar panels since its foundation 30 years 
Lo S panlls were single ones 9 (one on each side of the satellite ANS / IRAS). 
Xr lOvears FS entered the business of delivering solar arrays to customers such as 
ESA andthe telecommunication satellite market. For the single panels, zero-gravity 
simulation can be done rather simply, but as the number of panels per array and the 
Sht oer panel increases, it becomes much more complicated and demanding, 
men FS started with its firs, solar array project (tor ECS), a deployment ng was 
developed in which trolleys on wheels were used, which in turn ran over 2 rails 
suspended from a space frame (Figure 2). This type of deployment ng is still in use for 
a number of programs, but for the larger arrays, it became difficult to perform proper 
alianment and sfiffness measurements. Moreover, the ball beanngs of the wheels 
reauire a lot of maintenance to keep them within specification, and the deployment 
WneratXdlhTXe arrays became more important. For these reasons, a new type 
oXTs been developed that uses air bearings instead of wheels. This paper 
describes this development and the problems associated with it. 



Figure 2. Deployment trolley on wheels (old design) 
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The Air-bearing Deployment Rig 


General 

The dev/elopmem program, supported by the Dutch government, has been structured 
into the following phases: 

1 . Requirements definition of new deployment rig 

2. Bread board test program (single bearing) 

3. Development trolley test program (one standard trolley) 

4. Replacement of a complete trolley set (4 trolleys) 

For the development of the new deployment rig the following set of “top level” 
requirements have been derived: 

1. The functionality of the old rig shall at least be covered by the new design, 
which means that critical interface dimensions, such as stowed interpanel' 
spacing (50 mm) shall be maintained. 

2. The existing rig structure can be used with only minor modifications. 

3. The trolley disturbance force in the transverse direction of the rig shall be less 
than 0.01 N at a trolley suspension load of 100 N (0.1%). 

4. The trolley disturbance force in the longitudinal direction of the rig shall be 
less than 0.1 N at a trolley suspension load of 100 N (1%). 

5. The trolleys shall be light weight to keep dynamic disturbance forces low. 

6. The deployment rig impact on the clean room environment shall be 
minimized. 

7. The maintenance required by the rig shall be minimized. 

8. The procurement costs of a trolley shall not exceed that of the conventional 


Considering these requirements, the new deployment rig technology had to fit into the 
existing rig infrastructure (rail system and panel spacing in stowed wing situation). 

is approach was chosen because it would limit the development risk schedule 
impact and development costs. The first step in this process was to find an air bearing 

L a ^ d nTr° Ver f 4 o' c r ? m ; d u iamet6r rail and was ca P able of takin 3 th e required 
load of 250 N (margin of 2.5). The maximum length of this bearing would be 50 mm in 

order to fulfil the spacing requirement. Based on experience with the air-bearinqs FS 

has use d during the development of the ERA 0-g facility, the Katholieke Universiteit 

h^rinn ( a U * L) . Cathollc U n,ve rsity of Leuven ) was asked to develop a suitable test air 
bearing. A trolley was designed around this air bearing, with similar capabilities as the 

wa^fnimH ^ tr t°t 7 h" wbeels> The a,r bearin 9 was tested on an in-house rig and it 
was found that it behaved very well. It even moved over the rail joints, so nothinq 

prevented the start of the development of a full-scale deployment rig with air-bearing 
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The major design driver of the trolleys is to keep disturbance forces low. Disturbance 
forces are defined here as those forces that will not be present in the space zero- 
gravity environment. Disturbance forces are caused by. 

• Friction from the air bearings (< 10' 5 x weight of supported mass) 

• Weight, stiffness and hysteresis in the air supply hoses. 

• Tilt of the plane through the longitudinal rails caused by rail deflection under 
panel and trolley loads. 

• Tilt of trolley transverse rail about the rig longitudinal axis caused by rail 
deflection under the panel load. 

• Tilt of trolley transverse rail about the rig longitudinal axis caused by an 
improper adjustment of the trolley. 

The air-bearing deployment rig consists of the following parts: 

• Standard air-bearing trolleys (one per panel) 

• Trolley air-supply (one hose per trolley) 

• Longitudinal rails (2 off) 

• Panel suspensions (one per panel) 

• The rig structure 

• The S/C simulated Side wall Simulator (SSS) 

In the following sub-sections the parts are described in some detail, together with the 
problems that occurred during their development (if any) and the solutions to solve 

them. 

Desian de scription of the standard air-bearjnq trolle y 

The standard air-bearing trolley consists of the following parts: 

• Air-bearings 

• Anti-yaw mechanism 

• Transverse rail (CFRP) 

• Aluminum alloy structural parts 

• Air supply hoses 

The air-bearings are self-aligning cylindrical pads with a conical air gap. These 
bearings have an improved stiffness and load capacity compared to bearings with a 
constant air gap. There are two sizes of air bearings in use in the standard trolley; the 
load carrying ones of 50 mm (length) by 30 mm (width), and the beanngs of the anti- 
vaw mechanism of 30 mm by 25 mm. When the first trolley assembly was tested, it 
was surprisingly found that it would stick at some of the rail joints. To overcome this 
problem the load carrying bearings had to be redesigned. This resulted in a bear ' l [J9 
with 3 air supply holes (3-lobe bearing) and subsequently a length increase from 40 to 
50 mm. With the new bearing and some rework of the rail joints, the problem (for the 
standard trolley) had been solved. 
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The anti-yaw mechanism serves to counteract the torques about the vertical axis 

CaU f d tI the tr ° lley accelerations - when the trolley is pulled along 
with the panel it supports. The amount of torque depends on: " 

• the trolley acceleration in deployment direction 

• the trolley mass 

• diStanCe between the su PPort point and the trolley center of 

The mechanism provides the preload on the anti-yaw bearinqs that transfer the uaw 
torque to one of the rig rails. In order to keep the trolley spadnginthTstoweSjnn 

“ranged™ requlred 5 ° mm ’ the anti ' yaW meohar ' i smshave to be careful?/ 


The transverse rail forms a cylindrical support surface for the single bearina from 
which a solar panel is suspended. The transverse rail (Figure 3) is designed to be 
lightweight and still have a very high bending stiffness in the vertical plane This is 
crucial to the trolley design, because rail tilt is the main cause of dil^bance fo ces 
once friction has become negligible by the use of air bearing Thic clw * C ? ’ 

ofcFRP fa y ces C h a r ^ 

° ^ P fa ® e ® h ® et ® ™th a Rohacell foam core, and a CRFP tube. A finite element 

hpli ? W H hl ° h b ° ,h ,hS 9 ° bal bending as we " «• 'he local effecls due to ai" 
beanng loads, was specially made to support the design process of the transverse rail. 



Figure 3. Transverse rail construction 


(section) 


TTie brackets and rail end caps, which complete the trolley structure are made 
a uminum 7075. Parts are bonded together with cold setting epoxy.’ 
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The air to the bearings of a trolley is distributed by the traverse rail, which works as a 
manifold Thin flexible hoses (0 2.5 mm) are used to supply the pressurized air to he 
7 a"r bearings of the trolley. Because the air to the transverse bearing is also supplied 
by such a thin hose (Figure 4), it has only a minor contribution to the disturbance 
forces in the transverse direction (< 0.01 N). 



Figure 4. Air supply to transverse bearing 


In 


The trolley air supply . .. , e 

A special problem for the new deployment rig design is the air supply to the trolleys. 
th nrp«;pnt ria desian the air-supply hoses are the major remaining source of 
disturbance forces in the longitudinal direction of the rig. The hose, which feeds the 
trollev has to be much longer and thicker than the trolley hoses because it has 
cover the trolley travel over the complete deployment (e.g,. 15 m) and it has to feed a 
7 air bearinqs of a trolley. At first, the supply hose to a trolley was freely suspended 
between the supply manifold and trolley, in which case the disturbance forces resulted 
from the height of the hose. At the moment, nylon wires are used to support the hose 
n the middle but this solves the weight problem only partly and introduces some 
friction into the system. The final solution for these problems will be discussed later in 
the section about the servo air-supply trolleys. 


The* ma^designdriver of the trolleys is to keep disturbance forces low. Disturbance 
forces are defined here as those forces that will not be present in the space zero- 


gravity environment. 
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The rail 

The longitudinal rail consist of 4-m long surface hardened stainless steel rods with a 

Ti 9r w UnC l t0 3 t0 ' er f nce of h6 - The rail is supported from the bottom 
side on Ml 2 thread ends at a pitch of 0.5 m. The thread ends are attached to the 

L-shaped brackets, where they can be adjusted both in height and the transverse 
direction. As the required rail length is sometimes 12 - 15 m for certain solar array 
wings, a rail has to be built up from 3 or 4 lengths. The problem in this is to make the 
joints as straight and smooth as the rail itself. This is important for trolleys on wheels 
but even more important for trolleys on air bearings. As the air bearings run on an air 
layer of 10 - 25 pm thickness, a step or an angle in a rail joint must be very small (<10 
jim and < 0.5 mrad). Several more or less successful approaches to this problem 
ave been tried out, but only two years ago a method was developed that solved the 
problem properly (Figure 5). Before we came to this final solution, the rail joints were 
made as shown in Figure 6. The problem in this rail joint was that the rail ends (hole 
and central pin) could not be made sufficiently concentric with the rail outer surface to 

meet the 10-pm requirement. This led to rework activities on the rail, once it was 
assembled in the rig. 



RAIL JOINT 
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The panel suspensions 

The solar array panels are suspended from the air bearing, which runs on the 
transverse rail of the trolley. Each suspension (Figure 7) consists of a yoke a 
suspension cable with a tumbuckle, a spring set, the load spreader bar and 2 cables, 
which connect the spreader bar with the top hinges between the panels. 



Figure 7. Panel suspension 

The voke rests with a knife edge on the transverse bearing, so the tilting torque on the 
bearing is limited. In between the knife edge and the bearing, a piece of ^ ber sheet 
material is placed to overcome / reduce air-bearing instability. This instabihty 
produces a very irritating high pitched sound, but it does not influence the bearing 
functionality. For as far as we can see, the instability occurs only at the transverse 
bearing and only at high supply pressure (8 bar over-pressure). 

The suspension cable with tumbuckle connects the yoke to spring set. With the 
tumbuckle, the spring set can be adjusted to its pre-calibrated length. The spnng se is 
used to reduce in-plane disturbance forces, which occur when the wing does not 
deploy perfectly parallel to the plane determined by the rail system The spring sets 
originate from the workout chest expander sets because of the availability of these sets 
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.hasted l 

weight of the spreader bar and attachment cables P " haS *° SUpport plus the 

Ideally the pane! would be supported in its center of gravity, but this is not alwavs 

p “ p ' b ' e .' Tbe suspension has been made such that this situation is approximated bv 
onnectmg the suspension to the upper hinges on both sides of the panel. V 

The rig structures 

from which L- 

became rather expensive the latest 

in-house ngs are suspended from the building wall by hinged triangular supports' wifh 
case theMding istoTtse^for other pu^js™ ^ ™ S 9iV6S 3 l0t of ,lexibili * <" 



Figure 8. Rig structures 


The S/C side wall simulator 

When the solar array is integrated, it is built up on a so-called spacecraft side well 
simuiator (Figure 9), which is a structure on which the hold down m“c hlfe™ ™ 
mounted. This side wall simulator consists of two parts a MFRn enaro * 
flexible air bearings and an interface frame During The WegrattonWs Trf™ , 

interface?" “ tab ' e ', Wb ,® n th ® Win9 is in,e 9 ra,ed (in the stowed condition/ the 
interface frame is placed vertical and connected to the MERO frame This assemhlv k 

then moved on the flexible air pads to the deployment rig and maTed wifh V When th« 
test program ,s finished, the interface frame is removed from the MERO frame anT 
used to mount the solar array to the bottom of the container 
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F [gur^lT s id^ wall simulator, mounted to rig structure 
The Partial Deployment Trolley 


General . 

A special problem arose when our customers required solar arrays from which the 
outer panel could be deployed separately from the rest of the solar array wing. This 
so-called partial deployment is used to provide power to the satellite during the 
transfer orbit. For the deployment rig, this meant that the outer panel Center Of Gravity 
(COG) would move outside the travel range of the standard trolleys^ Origina ly, a 
hybrid trolley had been built to solve this problem. This trolley used wheels for the 
longitudinal movements and an air bearing for the transverse movement. Because of 
the 9 poor behavior of this trolley, it was decided to develop a full air-bearing version. 
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A study was started to investigate the feasibility of such a trolley. The main problem 
we found was that the bearing load capacity had to be more than doubled. The KUL 
was asked to design and build a new air bearing, capable of carrying a load of 500 N 
This resulted in a 5-lobe test bearing with a length of 84 mm and a width of 30 mm. 


Trolley concept 

Figure 10 shows the partial deployment trolley with air-bearings. It consists of the 
following parts: 

• Air -bearings 

• Upper structure 

• Lower structure (extension frame) 

• Transverse rail (CFRP) 

• Air supply hoses 



New air bearinns 

A test program was started with the new bearing, to check the behavior of the bearinq 
on the rail joints. It was found that the bearing had the required load capacity but that 
it would jam on some of the rail joints. Because improvement of the bearing behavior 
was not expected without introducing complicated tandem bearings, it was decided to 
look for a better solution for the rail joints (Figure 6) rather than for further 
improvements of the bearings. One trolley contains 5 bearings of the new 84-mm type 
3 small bearings (30 x 25 mm), and 1 standard transverse bearing * 


415 


S^f^Se upper structure. It consists of two 40-mm-diame,er CRFP tubes 
, F h e ^ brackets that hold the anti-yaw / pitch / roll beanngs, the end cap, _all fittings f 
ak supply hoses and the two brackets that connect the extension frame to the upper 

bracket. 



Figure 11. Partial deployment trolley upper structure 


Because the partial deployment trolley supports 
limitation in the longitudinal direction of the rig. 
and pitch torques acting on the trolley. 


the outer panel, there is no length 
This makes it easy to absorb the yaw 


niffprpnt from the standard trolley the resulting load does not always stay between the 
°lso.here can be all ting moment, which tries to lift the trolley from the rati oppostte 
of the load This tilting moment is absorbed by the two sets of 3 bearings, 
bearings are preloaded and arranged such that there is always a positive load on the 

upper bearings. 


This ^sSwicManef which is made sufficiently stiff to take up the vertical loads 
the resulting roll torques with only small deflections. The panel is reinforced w 
Aluminum inserts at the attachment points. 


^re construction as the one used in the standard trolley, only now the 
length has been doubled and the height of the flange has increased to keep 
deflections acceptable. 


The Servo Air Supply System 


A svstem is now under development that will solve the problems of how <o set the i air at 
the^air bearing trolleys with negligible disturbance forces. This is called the servo air 
supply systern. ' h will consist of a number of servo trolleys (one for each air-beanng 
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trolley) that will follow the movements of the air-bearing trolleys and pull the supply 
hoses along. A prototype trolley has been built and tested for five times the required 
life without any failure. 


Conclusion 

1. The highly improved deployment rig allows Fokker Space to test solar arrays 
ranging up to lengths of 15 m without problems now. This allows testing of solar 
arrays up to 20 kW. 

2. The functional performance of the rig is such that the required verification test 
program on kinematic behavior, stiffness and hysteresis can be tested with very 
good accuracy. This would have never been possible with the original design. 

3. A systematic design approach was adopted in which all requirements have been 
fulfilled in the present rig design. The project was set-up in distinct development 
steps and each step was evaluated before proceeding to the next step. Rig 
modifications have been limited and the internal set cost target has been achieved. 

4. The work has been possible due to the spin-off of technology obtained by Fokker 
Space during the development of the air bearing support system for the European 
robotics arm 
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Abstract 

The 1 4-by-22 Foot Subsonic Tunnel at NASA Langley Research Center uses model 
carts to support and position models in the test section. The carts are portable through 
the use of air bearings and can be moved from the test to the Model Prep Area (MPA) 
to change models in preparation for a new test. This paper describes the design of a 
new model cart that is three feet shorter than existing carts. This will eliminate 
clearance problems when moving the model and cart from the MPA to the test section. 

Introduction 

The 14-by-22 Foot Subsonic Tunnel at NASA Langley Research Center is a closed- 
loop, fan-driven wind tunnel with a speed range of 0 to 96.9 m/s (318 ft/sec) that uses 
air as the test medium. The models are installed in the test section and positioned to 
the proper orientation to the air flow by the use of one of six specialized model support 
carts. The model support carts are designed as stand alone units so that sting and 
model buildup, instrumentation checkout, and post-test model disassembly can be 
accomplished outside the test section. When mounted in place, the model support cart 
becomes the floor of the test section. Carts 1 and 2 are the primary carts and provide 
the following motions to the model: 1) +14 degrees pitch, 2) ±170 degrees yaw, and 3) 
0-2 meters (79 inches) vertical translation. The carts are 3.66 meters (12 ft) high and 
move about the facility on air bearings. Because of limited head room between the 
model prep area and the test section, some models have to be removed from the cart 
and reassembled after the cart is installed in the test section. To increase productivity, 
a new cart (Low Profile Cart 7) was designed to have the same functions as Carts 1 
and 2 but is 0.91 meter (3 feet) shorter, eliminating the need to remove the model 
before transporting the cart to the test section. 

Low Profile Cart 7 Requirements 


Research requirements 

Provide a new cart that is three feet shorter than Cart 1 to enable the cart to be 
transported to the test section without having to remove the model. 

Design requirements 

Cart Vertical Height 2.743 m (9 ft) 

Max Weight w/o Sting 378097 N (85,000 lb) 

’ NASA Langley Research Center, Hampton, VA 
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Support System Air Bearings 

Instrumentation hole through mast greater than or equal to a 0.152-m (6.0-inch) 
diameter. 


Model Support System 

Vertical Translation 2.31 1 m (91 in) @ 0 - 0.038 m/s Average Velocity Range 
Pitch Range ± 14 deg @0-1.0 deg/s Average Velocity Range 

Yaw Range ± 1 90 deg @0-1.0 deg/s Average Velocity Range 

Position Accuracy ± 0.0012 m, ± 0.01 deg 
Control Accuracy ± 0.0025 m, ± 0.05 deg 


Control System 

Operation of the cart in the MPA to be accomplished using a stand-alone pendant 
control with an onboard controller (manual slow mode only). Operation of the cart in 
the tunnel is to be fully automated through a new software-based control system. 


Loads Wind on 
Vertical 
Horizontal 
Sting Weight 
Floor Pressure 


17793 N (4000 lb) @ 6.78 m (267 in) from pitch center 
15568 N (3500 lb) @ 6.78 m (267 in) from pitch center 
23131 N (5200 lb) @ 2.24 m (88 in) from pitch center 
2.4 kPa (50 psf) 


Loads Wind off 

Floor Static 44482 N (10,000 lb) 


Interfaces 

Test section floor and support mechanism 
Boom/Sting components 
Existing hydraulic lift/new scissor lift 
Model Prep Area 

Software-based control system and remote control system 

Cart Design 

The Low Profile Cart 7 was designed using Pro-Engineer solid modeling and drafting 
software. Patran, Nastran, and Mechanica were used as analysis software. Figure 1 
shows an isometric (Pro-Engineer) view of the top side of the cart with the mast in the 
full up position. The booms and stings that support the model and connect to the top of 
the mast are existing equipment and are not shown. Hand rails are used when the 
cart is not in the tunnel and can be stored on the side of the cart when not needed. 
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Figure 1. Isometric of top side of Low Profile Cart 7. 

Jack stands are provided to interface with the cart lift and to allow for maintenance of 
the air bearings or removal of the 0.152-meter spacer. The spacer brings the total 
height of the cart to 2.895 m (9.5 ft) and allows greater clearance between the 
telescoping mast and the ground level but can be removed if the 2.743-m (9-ft) height 
is required. 
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Figure 2. Isometric of under side of Low Profile Cert 7. 

Figure 2 shows an isometric view of the under side of the cart. The three drive systems 
are the telescoping mast for 0-2.31 1 m vertical translation, the pitch drive for ±14 
degrees, and the yaw cable drive for ±190 degrees. The two unique mechanisms are 
the telescoping mast and the cable yaw drive. 
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Figure 3 shows an isometric 



External Ring Gear 



Internal Ring 


Figure 3. Isometric cut-a\ 


The telescoping mast has a range of 0-2.31 meters (91 inches), which is 0.3 meter (12 
inches) higher than Carts 1 and 2, enabling the sting to be positioned 0.3 meter above 
the tunnel centerline. The telescoping mast design consists of the mast, which 
supports the sting, the mast support, which slides inside the mast and adds an 
additional reaction point for the mast when raised, and the scope housing inside of 
which the mast and mast support slide. The mast and the mast support have flanges 
at their driven end and are keyed to the scope housing to prevent rotation. The system 
uses four ball screws to drive the scope; two ball screws drive the mast, and two ball 
screws drive the mast support. The mast screws drive twice the speed of the mast 
support screws such that the mast support is half way up when the mast is fully 
extended. Each of the four ball screws is connected to a 22.9-cm (9-inch) gear at the 
bottom. An internal ring gear drives the four 22.9-cm gears. The internal ring gear is 
connected to an external ring gear that is driven by a 26.7-kW DC servomotor and 
gearbox. The servomotor is closely controlled by an on-board computer using closed- 
loop position feedback algorithms (as are the pitch and yaw drives). Internal sliding 
components are coated with Magnaplate HTR and grease to reduce friction. The top 
of the scope has preloaded slipper pads where the mast exits the scope. A band 
clamp reacts against six radially protruding dowel pins, which push on the slipper 
pads and applies equal load around the mast. The center of the telescoping mast has 
a 20.3-cm (8-inch) diameter hole for instrumentation wires. The scope bottom houses 
the 22.9-cm gears and protects the internals from contamination when the scope is in 
the up position. Figure 4 shows the mast in the full up position. The scope bottom and 
the scope top contain limit switches to deactivate the motor when in the full up or full 
down position. 


Drive Selection . 

The primary task was to design a vertical translation system with a 2.743 m (108 in) 

total height that can travel 2.31 1 m (91 in). This leaves 0.432 m (17 in) for ground 
clearance, table top clearance, and internal spacing between parts. A two-point 
reaction with sufficient spacing is needed to withstand the required moments on the 
mast. Therefore, a three component telescoping system was required. To minimize 
geometrical discontinuities in the tunnel flow, one of the components is entirely within 
the other two components. With the basic geometry decided, two drive methods were 
considered: hydraulics and mechanical. A hydraulic drive system would require a 
complicated control system to move the mast and mast support at different rates and 
leakage would make it hard to maintain a particular height setting. Therefore, a 
mechanical drive system using gears and ball screws was selected. 
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Cable Yaw Drive 


The yaw mechanism is based on a turntable design that houses the pitch and mast 
drives It must rotate over ±190 degrees at 1.0 degree/sec and drive against a 
resisting torque of 109 kN*m (965 in*kips). This resisting torque is caused mainly by 
aerodynamic forces, but also partly from friction and inertial forces. It must have a 
position accuracy of ±0.01 degree and a control accuracy of ±0.05 degree. This 
combination of requirements led to the selection of a friction cable drive system. This 
section includes 1) a brief description of the system, 2) the logic in selecting this drive 
system, and 3) some of the design considerations associated with a cable drive 
system of this size. 


Figure 5 shows an isometric cut-away of the turntable, cables, and drive drum. A 9.8- 
kW servo motor with a 38.6 N*m rated torque goes through a 1071 :1 gear reduction, 
turning the drive drum shown in Figure 6 at 1.6 rpm. Five 16-mm (5/8-in) cables wrap 
around the drive drum once, and either end of each cable wraps around a 3.81 m 
turntable drum 1 .5 times and then attaches to the turntable via a spring pack. All 
power is transmitted via friction— the springs at the ends of the cables merely set and 
maintain a uniform preload. 

Drive Selection . 

Friction cable drives are fairly common in motion transmission, especially when 
extreme accuracy is needed. The notable requirements for this system are the 
magnitude of the load combined with the tight tolerance. 


Other drive systems considered: — 

• The simplest configuration would be to have the motor/speed reducer in line with 
the axis of rotation of the turntable. However, the pitch and telescoping mast drives 
were mounted in the center beneath the turntable, preventing that possibility. 

• A gear is more straightforward than cables and could have been mounted at the 
perimeter of the turntable; how ever, a gear big enough to carry the load would not 
have met our tolerance requirement. 

• The improvement in positioning accuracy of cables over chains is small. Chains 
are used on some of the other carts in the facility, but these carts have the chains 
hard-mounted to the back of the turntables, limiting rotation to less than one 
revolution. This turntable must rotate 380 degrees, so a chain would have to be 
continuous. A continuous chain would have required that sprockets be fabricated 
for the surface of the turntable— and it still would not have had the position 
accuracy of a no-slip cable drive. 

The design requirements may not be unique, but the combination of large equipment, 

high forces, and tight tolerances is certainly unusual. 
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Turntable 


Cable Spring Packs 



Figure 5. Isometric cut-away of turntable, cables, and drive drum. 

Design Considerations 

The following are design parameters that need to be considered as the geometry and 

loading increase in magnitude: 

• For a relatively small turntable, the turntable and the drive drum can each be 

independently hard mounted. As the size of the driven turntable increases, the out- 
of-roundness will increase also, making it necessary for the drive drum to “ride” on 
the turntable. In this design, turntable reaction wheels at the top and bottom of the 
drive drum keep a uniform separation between the drive drum and the turntable. 

To accomplish this, the drive drum assembly must be able to move freely in the 
radial direction. Therefore, the design has upper guide rollers and linear guide 
rails as shown in Figure 6. 
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• For a relatively small load, the cables can be terminated by fastening extension 
springs to the exterior of the turntable. This higher-load design required spring 
pack assemblies, where disk springs are placed in compression. Also, the size of 
these spring packs required that they be mounted inside the turntable. 

• The turntable required reinforcement at the cable attachment points. 

• The magnitude of the load and the size of the cables will result in elongation of the 
cables; an allowance was made through the use of adjustable cable terminations. 

• Small cables can be obtained with a protective plastic coating; however, larger 
cables, such as the 16 -mm cables used here, must have a protective 
coating/lubricant applied at assembly and re-applied as a matter of routine 
maintenance. 


Upper 

Guide 

Rnllorc 


Turntable 

Reaction 

Wheels 


Linear 
Guide Rail 
Supports 


Grooved Drive Drum 



Motor/Gearbox 


Figure 6. Isometric cut-away of cable drive drum. 
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Other Cart Features 


The pitch mechanism, similar to those of Carts 1 and 2, consists of four rollers riding on 
a curved rail system and driven by dual rack and pinion gears to ±14 degrees. A 55.9- 
cm (22-inch) slot was machined, and sliding plates are provided in the cart floor where 
the mast comes through, to accommodate the pitching motion. The main structure 
consists primarily of structural steel tubing with I-beams as the secondary floor 
members. The cart weighs 378.1 kN (85 kips). The design and specifications were 
complete July 1997. Construction of the cart started in October 1997, and will be 
complete including testing in February 1999. The fabrication and testing budaet is 
$1.5 million. 


Lubrication 

Lubrication is an important part of maintaining the cart. Particular attention should be 
paid to the internal sliding components of the scope. Any unusual noise or increased 
power requirements would indicate an immediate need for lubrication. Exposed 
cables and gears should be visually inspected before each operation of the drives. All 
internal roller bearings should be repacked every five years along with a full 
inspection of all moving parts. All components are lubricated with Lithium grease (LG), 
except the cables, which require “Prelube 19 Wire Rope Preservative-Lubricant, 
Grignard Company” or equivalent. Below is a list of all items requiring lubrication. 


1. Cables 

Prelube 19 

Wipe Clean Reapply 

Yearly 

2. External Scope Gears 

LG 

Wipe Clean Reapply 

Yearly 

3. External Pitch Gears 

LG 

Wipe Clean Reapply 

Yearly 

4. Turntable Bearings 

LG 

Grease Gun 

Twice a Yr. 

5. Mast Support ID 

LG 

Grease Gun 

Twice a Yr. 

6. Mast & Mast Support Flanges LG 

Grease Gun 

Twice a Yr. 

7. Yaw Drive Linear Bearings 

LG 

Grease Gun 

Twice a Yr. 

8. Ball Screw Thrust Bearings 

LG 

Pack LG @ Scope Top 

Yearly 

9. Ball Screw 

LG 

Remove Scope Top 

Yearly 

10. Drive Drum Support Brg 

LG 

Pack Bearing 

Yearly 

11. Internal Drive Drum Brgs 

LG 

Disassemble Replace 

If Problem 

12. 22.9 cm (9 in) Gear Bearings LG 

Disassemble Replace 

If Problem 

13. Pitch and Yaw Rollers 


Disassemble Replace 

If Problem 


Note. Scope grease drains through weep holes on the scope bottom and may require 
clean up after greasing and stroking the scope to its extreme up and down position. 

Concerns 

There are two areas of concern as of the writing of this paper. First are the keyways in 
the scope housing and second is the assembly of the turntable bearing. The scope 
housing has four keyways set 90 degrees apart. They are 50.80 mm (2 in) wide, 25.4 
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mm (1.0 in) deep, and run the full 2.413 m (95 in) length of the housing. A special 
cutting fixture was designed and built to cut the keyways. A milling machine head 
mounted on the cross slide of a lathe drives the cutter, and the lathe carriage moves 
the cutter axially. The first keyway was cut straight. The fixture twisted during 
alignment of the next three cuts causing a 1 .8 mm (0.07 in) misalignment. It was 
decided to widen the keyways to remove the misalignment but the cutter tended to 
follow the misalignment. The cutter was then redesigned to cut the sides as well as 
the face. This finally cut the keyways straight but increased the width to 60.33 mm 
(2.375 in). Unfortunately, the scope housing drives the schedule, and problems with 
cutting the keyways resulted in a project delay of two months. 

The turntable bearings are eight rail sections with two bearing blocks per rail that 
assemble to make a 360-degree, 4000-mm diameter bearing. Some delay did occur 
in determining the best way to align the eight rail sections in an accurate circle. First, a 
jig was made to scribe a circle on the bearing mounting surface. Then shims were 
placed on the outside diameter up against the vertical edge on the spot face of the 
mounting surface. On the inside diameter, blocks with set screws were welded in 
place. Finally, the rails were set between the shims and set screws and adjusted 
using the circular scribe. Once circular, the holes were drilled and tapped for the rail 
bolts. To confirm the rail was circular and operational, a beam with bearing block hole 
patterns was made spanning the diameter. The beam was connected to two bearing 
blocks 180 degrees apart and rotated to confirm the smooth operation of the rail 
sections. 


Conclusion 

A wind tunnel model cart has been shown with two unique mechanisms: a 
telescoping mast and a cable yaw drive. The required heavy loads and tight 
accuracies drove the design of each. The scope is a servomotor driven gear to 
multiple ball screw, ball nut elevation system. The maximum height of the scope is 
181% of the minimum height with high accuracy and load capacity. The sliding 
contact reactions of the mast, mast support, and scope housing will require regular 
lubrication to minimize wear. Excessive wear may require recoating the sliding 
surfaces with Magnaplate HTR. The servomotor driven cable yaw drive is a preloaded 
cable friction drive that uses a self-reacting grooved drum to drive the turntable. The 
total reduction ratio from motor to turntable is 9886:1. The system has zero backlash 
resulting in high accuracies and high load capacity. Exposure of cables and external 
gears will require regular visual examination and possible cleaning and relubrication 
depending on facility contamination. A dust guard/grease pan may be advisable at the 
scope bottom if contamination is high or grease drippings become a nuisance. 
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Remote Flap Actuation System for Large-Scale 
High-Speed Civil Transport Wind Tunnel Model 

J. E. Kennon , L. S. Bisbee* and M. P. Willink* ^3 


Abstract 

Th !i ? ig i 1 ; Lift Engine Aeroacoustl 'c Technology (HEAT) wind tunnel model has been 
modified to incorporate remote actuation of the four trailing edge flaps The cellular 
arrangement of the wing ribs and spars combined with the' ’thinness' of the wing and 
Aei^uiramerrt to maintain structural integrity imposes severe constraints on ?he 
packag |ng of the flap actuation mechanisms in the model. Simple motion linkaqe 
ystems are utilized to transmit power from hydraulic cylinders to actuate each of the 
flap surfaces This paper describes these individual linkage systems the flap position 

r y “ e XperfSmance mS ' P $ encoun,ered durin 9 ,he che <*°“t Phase, and overall 


Introduction 

The primary objective of the first test entry of the HEAT model was to evaluate the 
noise suppression behavior of the jet engine nozzle as integrated into the aircraft 
configuration and its effect on the aerodynamic performance of the high lift system 

™ del w ?f °:|9 ina !!y desi 9 ned with fixed brackets for flap deflections in 1 0° 
crements (Figure 1). This allowed simulation of configurations for takeoff climbout 
and landing but did not allow intermediate settings. Model flap configuration Sianoes 
required shutdown of the wind tunnel for model access. This method I; inefficient 9 
when many flap configurations are required. The second test entry is planning to more 
closely investigate the aerodynamic interactions of the nozzles and flap systems with 
both nacelle positions powered. Remote actuation of the flaps will allow much more 
efficient use of wind tunnel test time. Many more flap configurations can be studied 
and intermediate flap settings will be available to investigate unexpected or non-Hnear 
effects encountered during the test. For these reasons, the HEAT model has been 

ff^Hng'edge^la^s 19116 ^ ^ modlfied t0 incor P orate remote actuation of the four 

SsCT^ ' ^flT d r C ht S f ° ne l conf l i 9 ur ^ ion of the High Speed Civil Transport 

(HSCT) at 13.5 /o scale. The fuselage length is 12.9 meters (42 ft 4 in) and the wina 

semispan is 2.7 meters (8 ft 9 in). Although the model is large, the outboard wing 9 
section is a very thin airfoil with only 3.3 cm (1 .3 in) maximum thickness This outboard 
wing section is machined from sojid aluminum alloy to meet structural requirements 
The intoart wmg'fuselage structure is constructed from steel bulkhw^dZlL 
are flamecut by numerical control, welded, and skinned with molded fiberglass panels 
The maximum wing thickness is about 15 cm (6 inches). 9 panels. 


* Sverdrup Technology, Inc., NASA Ames Research Center, Mt. View, CA 
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The desiqn of the existing inboard wing, with ribs and bulkheads that form cellar 
compartments combined with the thin airfoil section of the solid aluminum outboard 
winched the designers to locate the actuators within the inboard, thicker portion if the 
wing. This requires use of custom linkage mechanisms to transmit the power to their 

respective flaps (Figure 2). 

Design Constraints 

Fundamental design constraints for all wind tunnel models include geometric 
modelinq fidelity, structural integrity and functional reliability. Geometric fidelity, 
accurate representation of the vehicle, is critical to obtaining accurate aerodynamic 
data during testing. Model structural integrity is required by the facility to ensure that 
the hiqh capital cost wind tunnel will not be damaged due to a model failure. 

Functional reliability is important to ensure that test productivity does not suffer due 
model operational problems. 

To nJatntairT model geometric fidelity for this actuation system design several factors 
amTonsidered critical. Among them are actuator size, location and force capacity, flap 
lug length, and rod end sizes, which all must be balanced In three of four actuation 
svstem desiqns similar geometric interference is obtained when compared with the 
original fixed bracket design. Minimal blockage is added in the fourth system by 
optimizing the flap lug length. 

Precision fits for all pinned joints and use of teflon sleeved spherical rod ends 
minimize mechanical hyste/esis. All pins are custom fitted to less than 0.01 mm 
(0 0004 in) clearance with the mating part. All four flap systems measure a to a 
morhanical hvsteresis of 0 10 degree of rotational movement of the flap. By fitting pins 

'slop' can be further reduced if required, but there are 

no plans to do so at this time. Rod ends with teflon impregnated fiber sleeves are 
utilized for joints with spherical kinematic motion. Non-sleeved rod ends were 
measured to have up to 0.05 mm (0.002 in) radial slop. This was considered 
unacceptable for this application. Cost, minimum purchase quantities, and long lead- 
time for precision aircraft rolling element rod ends were prohibitive. 

Another aspect of geometric fidelity when actuated control surfaces are utilized is 
position accuracy. The required unloaded flap position measurement accuracy is 
±0 25 deqree total. This is accomplished by using precision potentiometers and 
higher order curve fits of the calibration data as required. The one-turn potentiometers 
chosen are of the conductive plastic type with a specification of ±0.5% independent 
linearity. Mechanical hysteresis in the measurement system is minimized by using 
anti-backlash gears mounted directly to each flap which drive a pinion gear coupfaf 1 10 
the potentiometer (Figure 3). For flaps #1 and #2 a 10-to-1 gear ratio is selected to 

orovide a 300-degree rotation of the potentiometer over the 30° flap deflection range. 
For flap #3, a 5.7-to-1 gear ratio is selected to provide a 340-degree rotation of the 
potentiometer over the ±30° flap deflection range. In these three position 
measurement systems, direct attachment of the driving anti-backlash gear to the flap 
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allows angle measurements that include some load deflection effects. For flap #3 
linkage stretch with an applied hinge moment of 158 N«m (1400 inrfbfl was rneasnmd 
to be 0 28 mm (0.01 1 in). This is theoretically equivalent to 0.2 degree flap Sion 
The potentiometer output did not reflect all of this increment. For flap #4 the thin wina 
section does not allow for this same type of mechanism. In this case P a linear 9 
potentiometer is piggybacked on the hydraulic cylinder to measure cylinder extension 
(Figure 4). This system does not measure any load deflection effects Y When a hinqe 
moment load (to simulate the aerodynamic loading) of 105 N-m (930 in-lbf) was 

nf P th'f d | t0 f aP #4 fi 1 '1 degrees of flap deflection is measured. Only re-manufacturing 
of the aluminum flap from steel or high modulus composites would reduce this 
aeroelastic deformation. This would be cost prohibitive and beyond the scope of this 

Each flap system incorporates precision-machined calibration fixtures to provide 
accurate and repeatable calibrations (Figure 5). Repeatable positioning of the 
calibration fixtures is achieved by attachment to the wing at two precision machined 

fC l r Ga S h f,Xt x ♦?' A P ° inter ' S also attached t0 eac h flap using a similar 
reading of the protractor-like scale easily allows resolution of angles to 
within i 0.05 degree. An accurate zero-degree setting for each flap is achieved by the 
use of a numerically machined template of the airfoil contour at a known and Y 

repeatable location. The pointer attached to the respective flap is then adjusted to the 
zero location on the scale. 

Structural Integrity 

The foundation of structural integrity is accurate prediction of the expected loadinq 
This is achieved by using available test data in the development of the new desiqn 
loads. ^ Structural integrity is also achieved by maintaining factors-of-safety of 3 on 

rpnllmrntc w"? ? °" ult,mate stren 9 th as ^“ired by the test facility. These strength 
requirements dictate where the existing structure may be modified for cylinder mounts 

push-pull rods, cranks, and brackets as well as material selection for new part designs. 

Detailed spanwise loading data obtained in previous tests are used to develop the 
design loads for the stress analysis of the solid aluminum outboard winq. Several 
2 dc ^? na ! 9 roov ® s and a pocket are machined into the wing to accommodate the flap 
#4 actuation system as well as additional pressure instrumentation on the wing and 
flaps. A simple but thorough handbook analysis utilizing these detailed spanwise load 
data venfies the wing still meets strength requirements. 

Hiwp^rf?| SUr f data fran ? . flaps #1 and #2 obtained during the first test are integrated to 
develop flap force and hinge moment design loads. As compared to the flap loads in 
the original loads document, the revised design loads are lower for some flaps and 
higher for others. This allows each system to be designed to a more correct capacity. 
Having more accurate design loads also provides increased confidence that the 
system will perform as desired under aerodynamic loads during the test operations. 

thto t0 w 0f ' Safet * y rec >uirements and eccentric forces on some linkage components drive 
these designs toward what may appear to be overly strong parts (Figure 6) This is 
especially true of the bellcrank pivot pin design for flap #1. The eccentric lug on the 
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Koiirrank nroduces a significant twisting moment that requires a 3.2-cm (1.25 in) 

cr . t nin to mee t factor-of-safety requirements on pin bending, bearing stress 

biNcrank s? effect is that this produces a very stiff system 
Frrw^ricTorces are also imparted on the slider for flap #2. These eccentric, ties exist 
Eccentric n _ rp<i< 5 j tv to locate the slider between the airfoil lower surface and high 

outboard * “ r an p d , ,he ?w s RPt ,or Th h e e 
marh^npd Docket to be planar and parallel to the Wing Reference Plane (WRP). The 

fofr G onlhe ^ecclmric lug requires a seemingly oversized design for the slider as well 

as^cation^ ^?rom high strength steel. The flap #2 lever also uses an eccentric lug for 

the link connection to the slide. Again the pivot pin is large to react the moments 

caused by the eccentric forces. 

Functional arhieve H bv selectinq proven hydraulic power to actuate the 

L U p? Palt^ ca " be ^successfully to actuate 

irae-scale model control surfaces. A trade study was performed to compare using 
Electro-mechanical (EM) actuation versus hydraulics. An actuator envelope of 3.8 cm 
H 5 ini diameter by 30.5 cm (12 in) long was determined to be required to fit in the 
available locations'^ within the inboard wing identified during 
studies Preliminary designs also required an actuator force of 6672 N I (1500 Ibf) 
minimum^ A compact, commercially available hydraulic cylinder was identified but no 
the-shelf I EM unit with similar size and force capacity was found. A concept design 
for I compact, custom EM linear actuator was developed that met these requirements. 
Cost estimates for this EM actuation system design compared favorably with the 
hvdraulb system alternative. However, the EM option was not chosen because an 
extensive development program would be required to prove actuator reliability. 

Hvdraulic actuation was also chosen because of the reduced risk associated with 
application of this proven technology. However, use of a proven technology does not 
eliminate the normal challenges associated with the development of a custom, one-off 
system During the hydraulic control system checkout, several problems were 
encountered. One unforeseen problem was with obtaining proper adjustment of the 
flow control needle valves to set the required flap deflection rates of 0.5 2 

degree/second. An alternate needle valve with a finer adjustment would make 
controlling the flap deflection rates easier. Air entrainment (or ingestion) into the 
hydraulic fluid at the solenoid valve/check valve was another problem encountered. 
This caused delays by requiring repeated bleeding of the system and swapping o 
components to try to identify the root cause. One of the four independent control 
systems performed flawlessly, however, proving the basic control system design to be 

sound. 

Actuation System Descriptions 

The four flaps are numbered spanwise with flap #1 nearest the wing root, to flap #4 
most near the wing tip. All flaps must deflect 30° down. In addition, flap #3 must travel 
30° up All four flaps are of the simple hinge type. By using levers and bellcranks to 
achieve correct ratios and push-pull rods to transmit forces, it was possible to 
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standardize all actuators using a double acting, single rod cylinder of 28.6 mm (1 125 
in) bore and 50.8 mm (2.00 in) stroke working at 1 1 ,000 kPa (1600 psig) Spherical 5 
kinematic motions on all mechanisms are within the permissible misalignment for 
commercial rod-end bearings. Simple, precision pin joints are used successfully in 
many linkage connections. Use of differing materials and surface hardness, alonq 
with proper lubrication allow smooth function and prevents galling in these metalrto- 
metal pints All pockets and grooves that are machined into the « 

mnHnl'cn m tf * w' ^ ?.f allel ,0 1,16 WRP ’ if P ossibl ®. 50 ,hat machining of the 
model could be achieved with a minimum of setups. This allows most machininq to 

use only three-axis cuts, which provides tighter tolerance control and reduced cost 

Hap fM mechanism (Figure 7) employs a bellcrank connected directly to the hydraulic 

a y |pft d hfl H/ hlC h+ IS h in yiU co " nacted t0 the fla P lug using a turnbuckle link comprised of 
a left-hand/right-hand threaded rod and spherical rod ends. The bellcrank has 

eccentric lugs at both ends, on the cylinder side, to fully bury the cylinder within the 
wing mold line and on the other end, to point the linkage toward the midpoint of the 
flap lug travel The bellcrank force eccentricities are reacted by using a large diameter 

RockwPll r?i Th P f 6 ‘ £ in iS fabricated from 17 ’ 4PH stainless steel hardened to 
h,?h k h / ? 31 ' Th f ! arg f pin u d,ameter ,s required to limit the stress in the bellcrank 
hub, but also maintains low bearing stresses of 26,400 kPa (3830 psi) in the capture 
plate and 9300 kPa (1340 psi) in the ASTM A516, grade 70 steel structure The 
hardened pm combmed with low bearing stress in the mating holes, and lubrication 
with nickel anti-sieze grease (Thread-Eze), are used to prevent galling. 

Flap #2 mechanism (Figure 8) uses a 2-to-1 ratio lever to adjust the cylinder stroke to 

2 nta?n Q?m ^ the *!? 1 P lug : The " ew lu 9 len 9 th matches the original lug design to 
?H r0yn K a ? C Interference - A fixed-length link connects the lever to a 
long, push-pull slider, which connects to the final flap turnbuckle link. The slider has 
an eccentric lug on one end so that a minimum depth, planer pocket could be 
machined in the solid section of the wing and leave sufficient wall thickness for 

Pressure A ' r ( HPA ) Passageways. Once past the HPA passageways the 
pocket depth is increased to allow increased coverplate thickness to react the vertical 
componen of the final flap link load (Figure 9). The slider is fabricated from 17-4PH 
ata '^f as t steel ^ blch .! s heat tre ated to Rockwell C42 for two reasons. High strength is 
needed m® et bending stress factor-of-safety criteria, and secondly to help prevent 

the sTde Win9 C0V6r - A|S ° 3 teflon ' filled - 'ight oil is used to Rubricate 

Rap #3 is the flaperon with ±30° of travel. Doubling of the required travel, combined 
with the hingeline sweep angle and load reversal, provide unique packaaina 
constraints within the nacelle fairing just inboard of the flap (Figure 10) The sweeD 
angle of the hingeline causes the lug to travel laterally, spanwise during flap motion 
The maximum lug length of 7.6 cm (3.0 in) just clears the adjacent jet simulator and the 
nacelle fairing enclosure at the two extremes of flap motion. The length of the luq is 
maximized to allow a minimum capacity load cell to measure linkage forces. This load 
cell is then calibrated to measure flap hinge moment. An ‘S’-type load cell was 
chosen for its compactness, rigidity and the benign effect of moment inputs on load cell 
output, since the long load cell/linkage assembly undergoes compression and 
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therefore is susceptible to buckling. The hinges for flap #3 require the use of needle 
bearings to minimize friction effects on hinge moment measurement A roller thrust 
bearinq is incorporated to react a component of the flap linkage load along the hinge 
axis Thfs load component exists because the linkage is not oriented perpendicular to 

the swept hingeline. 

The flap #4 mechanism (Figure 11) uses a long, buried slider push-pull rod to connect 
the cylinder through the thin solid aluminum outboard wing section to the bellcrank. 

The slide is housed in a planar, machined groove and coverplate that leads to the 
beHcrank pocket machined in the outboard wing. The bellcrank has a bronze rub pad 
that slideson the hardened stainless steel cover and an eccentric lug that connects to 
the final flap link. The sliding bronze pad reacts the moment caused by the eccentric 
lua and the P vertical component of the flap link force. Since the bellcrank pocket cover 
reacts the eccentric flap link forces, smaller diameter pins are used that must react only 
direct shear forces. These metal-to-metal sliding surfaces are lubricated with a teflon 
S light oil. No galling or binding was observed during the checkout that included 
numerous sweeps under simulated aerodynamic loading. A simple precision pm and 
lug design is used for the flap #4 hinges. 

Flap Calibration Results 

Each flap deflection angle measurement system is calibrated individually by 
positioning the flap and taking potentiometer output voltage readings beginning at 0 
degrees and approximately every 5 degrees throughout the range of motion » 

Calibration data is fit using 1 st , 2 nd , 3 rd , and 4 ,h order curve fits The calculated resu t of 
each curve fit is compared to the measured calibration data (Figure 12). The 3 order 
curve fit has the smallest average error and standard deviations for all flap angle 
calibrations. These higher order curve constants are input into the control program on 
a laptop computer so that flap deflection is displayed to the operator in degrees. Initial 
checkout runs to verify these calibrations show good results for three out of four flap . 
Deviation between as-measured angles and calculated values are less than 0.1 5 
deqree for flap #4 and less than ±0.25 degree for flaps #1 and #2. These data a 
taken every 25 degrees throughout the full range of flap motion. The one out - of ‘ 
llerance calibration (flap #3) needs to be re-run with a finer increment between data 
points. This would likely bring the calibration back within the allowable tolerance. 

Status 

Desian and fabrication are complete for all actuation systems. Linkage assembly and 
fittina is complete. The hydraulic control system fabrication and assembly are 
compete Tnrtial checkout of the control system indicates that some components need 
more troubleshooting to eliminate remaining issues. Some components may need re 
^ectlngorlurther adjustment at a minimum. The plannedtestent^ is cancelled due 
to funding limitations. The model is disassembled and in storage. 
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Conclusions 


The use of proven hydraulics technology reduces overall risk. Control system 
development and thorough checkout is still absolutely required. To meet qeometric 
modeling fidelity constraints, short lug lengths and precision fits in all linkage 
connections are required. Galling can be avoided in metal-to-metal slidinq 9 fits bv 
proper ma er.al selection and lubrication. This allows simple pin joims to be used 
successfully where surface velocities and bearing stresses are low. Small 
eccentricities of forces in linkages require extensive analysis, larger and stronaer 
parts, and should be avoided if possible. * 
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Fiaure 1 HEAT Model in 40 X 80-Ft Wind Tunnel, NASA Ames Research Center 
M (1995) 
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Figure 2. HEAT 1A Model Configuration in Build-Up (1998) 
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Figure 3. Flap Angle 
Measurement System, 
Flaps #1, #2, #3 
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Figure 5. Flap Angle Calibration Fixtures 



Figure 6. Parts with Eccentric Lugs 
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Figure 8. Flap #2 Actuation System 



Figure 9. Inboard Wing Cross-Section at Flap #2 Slide 
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Figure 1 0. Flap #3 Actuation System 
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Dmeas - Dcalc 



Figure 12. Flap Calibration Results 
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